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VIBRATIONAL SPECTRA OF CFCl:CHBr, C2H2 FBr a n d  CF2Br-CHBr2
CHAPTER I
INTRODUCTION
F l u o r i n e  c h e m i s t r y  h a s  become o f  im p o r ta n c e  i n  
r e c e n t  y e a r s  b e c a u s e  o f  t h e  i n c r e a s i n g  u s e s  o f  f l u o r o c a r b o n s  
a n d  f l u o r i n a t e d  h y d r o c a rb o n s  i n  s c i e n c e  a n d  i n d u s t r y .  The 
p r e p a r a t i o n  an d  s t u d y  o f  f l u o r i n a t e d  h y d r o c a r b o n s  have  
r e c e i v e d  an  a d d e d  im p e tu s  s i n c e  W orld  War I I ,  due i n  p a r t ,  t o  
t h e  p r o d u c t i o n  o f  a to m ic  e n e r g y  a n d  t h e  p ro b le m s  c o n c e r n e d  
w i t h  i t ,  e s p e c i a l l y  t h e  s e p a r a t i o n  o f  u ra n iu m  i s o t o p e s .
T h e i r  a v a i l a b i l i t y ,  t o g e t h e r  w i t h  t h e i r  p o s s i b l e  u s e s ,  l e d  
s e v e r a l  r e s e a r c h e r s  t o  a s tu d y  o f  t h e s e  com pounds.
F l u o r i n e  i s  t h e  m ost e l e c t r o n e g a t i v e  e l e m e n t  an d  
fo rm s  c a r b o n  compounds w h ich  p o s s e s s  u n iq u e  p h y s i c a l  a n d  
c h e m ic a l  p r o p e r t i e s .  Most o f  t h e s e  compounds a r e  i n  g e n e r a l  
v e r y  i n e r t  a n d  s t a b l e  a n d  a r e  h i g h l y  v o l a t i l e .  The f l u o r o ­
c a r b o n s  hav e  i n  g e n e r a l  a b o u t  t h e  same v i s c o s i t y  an d  
t e m p e r a t u r e  c o e f f i c i e n t  o f  v i s c o s i t y  a s  t h e  c o r r e s p o n d i n g  
h y d r o c a r b o n s .  They have  v e r y  low  s u r f a c e  t e n s i o n  a n d  
r e f r a c t i v e  i n d e x ,  a n d  t h e i r  d i e l e c t r i c  c o n s t a n t s  a r e  lo w e r  
t h a n  t h o s e  o f  h y d r o c a rb o n s  w i t h  t h e  same c a r b o n  s k e l e t o n .
By v i r t u e  o f  t h e s e  i n t e r e s t i n g  p r o p e r t i e s  t h e  f l u o r o c a r b o n s
1
2hav e  b e e n  p u t  t o  in n u m e ra b le  u s e s  i n  s c i e n t i f i c  r e s e a r c h  a n d  
i n d u s t r y ,  e . g . ,  a s  l u b r i c a n t s ,  r e f r i g e r a n t s  a n d  e l e c t r i c a l  
i n s u l a t o r s .
Many r e s e a r c h  w o rk e r s  hav e  b e e n  e n g a g e d  i n  t h e  s tu d y  
o f  t h e  m o l e c u l a r  s t r u c t u r e  a n d  p r o p e r t i e s  o f  t h e s e  com pounds. 
I n f r a r e d  s p e c t r o s c o p y  i s  v e r y  u s e f u l  t o  t h e  a n a l y t i c a l  a n d  
s t r u c t u r a l  c h e m i s t ,  f o r , i n  c o n j u n c t i o n  w i t h  t h e  Raman e f f e c t ,  
i t  p r o v i d e s  a n  i n v a l u a b l e  t o o l  f o r  t h e  e l u c i d a t i o n  o f  
m o l e c u l a r  s t r u c t u r e .  T h e re  h av e  b e e n  e x t e n s i v e  s p e c t r o s c o p i c  
i n v e s t i g a t i o n s  o f  f l u o r i n a t e d  h y d r o c a r b o n s  a n d  h a l o g e n a t e d  
h y d r o c a r b o n s  a t  t h e  U n i v e r s i t y  o f  Oklahoma a n d  a t  o t h e r  
l a b o r a t o r i e s  i n  t h i s  c o u n t r y  a s  w e l l  a s  i n  E n g la n d ,  Canada 
a n d  J a p a n .  W ith  t h e  a v a i l a b i l i t y  o f  h i g h  s p e e d  e l e c t r o n i c  
c o m p u te r s  much w ork h a s  a l s o  b e e n  done on t h e  c a l c u l a t i o n  o f  
t h e  f u n d a m e n ta l  v i b r a t i o n a l  f r e q u e n c i e s  o f  s u c h  com pounds.
Much w ork  h a s  a l s o  b e e n  done on e t h y l e n e s  a n d  e t h a n e s  
by means o f  e l e c t r o n  d i f f r a c t i o n  a n d  m ic ro w av e  s p e c t r o s c o p y .  
The fo rm e r  m e th o d  o f  s t u d y  h a s  p r o v i d e d  v a l u a b l e  i n f o r m a t i o n  
r e g a r d i n g  t h e  s t r u c t u r a l  d e t a i l s  o f  t h e  m o le c u l e s  a n d  t h e  
l a t t e r  m e th o d  g i v e s  a c c u r a t e  v a l u e s  f o r  t h e  p o t e n t i a l  b a r r i ­
e r s  i n h i b i t i n g  i n t e r n a l  r o t a t i o n .
The p r e s e n t  w o rk , th o u g h  n o t  d i r e c t l y ,  fo rm s  p a r t  o f  
a l a r g e r  r e s e a r c h  p r o j e c t ,  s u p p o r t e d  by t h e  A tom ic  E n e rg y  
C om m ission , on t h e  s p e c t r o s c o p i c  p r o p e r t i e s  o f  f l u o r i n a t e d  
h y d r o c a r b o n s .  S in c e  t h i s  r e s e a r c h  c o n c e r n s  t h e  s t u d y  o f  
f l u o r i n a t e d  e t h y l e n e s  a n d  e t h a n e s ,  a b r i e f  s u r v e y  o f  t h e
3e a r l i e r  w ork on t h e s e  compounds i s  g iv e n  i n  t h e  f o l l o w i n g  
p a r a g r a p h s .
Much w ork h a s  b e e n  done i n  t h e  p a s t  on t h e  i n f r a r e d
a n d  Raman s p e c t r a  o f  o t h e r  h a l o g e n a t e d  e t h y l e n e s . ^  R e c e n t ly ,
2T o r k i n g t o n  a n d  Thompson s t u d i e d  s i x  f l u o r i n a t e d  e t h y l e n e s  
a n d  g av e  c o m p le te  a s s i g n m e n t s  o f  f u n d a m e n ta l  v i b r a t i o n a l  
f r e q u e n c i e s  f o r  some compounds a n d  p a r t i a l  a s s ig n m e n t s  f o r  
o t h e r s .  Mann e t  £ l . ^  have  s t u d i e d  s e v e r a l  o f  t h e  compounds 
e x p e r i m e n t a l l y .  R e c e n t l y , t h e y  h av e  g iv e n  a n o rm a l c o o r d i n a t e  
a n a l y s i s  o f  a l l  t h e  h a l o g e n a t e d  e t h y l e n e s ^ i n  w h ich  t h e y  have  
u s e d  a m ore g e n e r a l  p o t e n t i a l  f u n c t i o n  o f  t h e  U rey -B rad ley ®  
t y p e  t h a n  t h e  one u s e d  e a r l i e r  by  M orino  e t  a^ .®  A t t h e  
U n i v e r s i t y  o f  Oklahoma P r o f .  J .  Rud N i e l s e n  an d  h i s  c o l l a b o ­
r a t o r s  h a v e  b e e n  e n g a g e d  i n  t h e  s t u d y  o f  f l u o r i n a t e d  e t h y l e n e s  
an d  e t h a n e s  f o r  more t h a n  a d e c a d e .  They h av e  s t u d i e d  t h e  
i n f r a r e d  a n d  Raman s p e c t r a  o f  more t h a n  t e n  e t h y l e n e s  and .
^G. H e r z b e r g ,  I n f r a r e d  a n d  Raman S p e c t r a  o f  
P o ly a to m ic  m o l e c u l e s ,  D. Van N o s t r a n d  Co. I n c .  N. Y. ( 1 9 4 5 ) .
^ P .  T o r k i n g t o n  a n d  H. W. Thompson, T r a n s .  F a ra d a y  
S o c .  236 ( 1 9 4 5 ) .
^D. E . Mann e t  a l . ,  J .  R e s .  N a t i o n a l  B u r .  o f
S t a n d a r d s ,  5 2 ,  67 (1ÏÏ547T J .  Chem. P h y s .  2 1 ,  1949 (1 9 5 3 ) ;
1586 (1 9 3 4 ) ;  1989 , 2122 ( 1 9 5 5 ) .
^D. E . Mann £ t  £ l . ,  J .  Chem. P h y s .  43 ( 1 9 5 7 ) .
% .  C. U rey an d  C. A. B r a d l e y ,  P h y s .  Rev. 3 8 ,  1969
( 1 9 3 0 ) .  —
®Y. M o rin o ,  K. K u c h i t s u  a n d  T. S h in a n o u c h i ,  J .  Chem. 
P h y s .  2 0 ,  726 ( 1 9 5 2 ) .
4r e p o r t e d  a s s i g n m e n t s  f o r  n i n e  o f  t h e s e . ?  They h av e  a l s o  
c a l c u l a t e d  t h e  th e rm o d y n a m ic  p r o p e r t i e s  o f  m ost o f  t h e s e  
compounds i n  t h e  i d e a l - g a s e o u s  s t a t e .  The sym m etry  s p e c i e s  
o f  t h e  v i b r a t i o n a l  f u n d a m e n ta l s  w ere  i d e n t i f i e d  from  t h e  
s h a p e s  o f  t h e  i n f r a r e d  b a n d  c o n t o u r s  a n d  t h e  s e p a r a t i o n s  o f  
t h e  P a n d  R b r a n c h e s ,  a s  w e l l  a s  from  p o l a r i z a t i o n  m e a s u re ­
m e n ts  o f  t h e  Raman s p e c t r a  o r  from  Raman s p e c t r a  o f  t h e  
compounds i n  t h e  g a s e o u s  s t a t e .
C e r t a i n  d e t a i l s  o f  t h e  s p e c t r a  o f  t h e s e  compounds 
th ro w  much l i g h t  on t h e  s t r u c t u r e  o f  t h e  m o l e c u l e s .  F o r  
e x a m p le ,  t h e  b a n d  a s s o c i a t e d  w i t h  C=C s t r e t c h i n g  i s  v e r y  
i n t e n s e  i n  t h e  Raman s p e c t ru m  a s  w e l l  a s  i n  t h e  i n f r a r e d
s p e c t r u m .  The f r e q u e n c y  o f  t h i s  b a n d ,  w h ich  o c c u r s  a t
1626 cm "! i n  e t h y l e n e ,  i s  i n c r e a s e d  c o n s i d e r a b l y  by a s u b s t i ­
t u t i o n  o f  one o r  more o f  t h e  h y d ro g e n  a to m s  by f l u o r i n e  
a to m s ;  w h e re a s  i t  i s  r e d u c e d ,  a s  m ig h t  b e  e x p e c t e d ,  when 
s u b s t i t u t e d  by  c h l o r i n e  o r  b ro m in e  a to m s .  I t  o c c u r s  a ro u n d  
1640 cm "l when one f l u o r i n e  atom  i s  s u b s t i t u t e d  a n d  a ro u n d
1749 cm "l when two f l u o r i n e  a to m s a r e  s u b s t i t u t e d .  I t
r e a c h e s  i t s  h i g h e s t  v a l u e  1870 cm"^ i n  C2F4 . Bands a s s o c i ­
a t e d  w i t h  CF s t r e t c h i n g  i n  a l l  f l u o r i n a t e d  h y d r o c a rb o n s  a r e  
weak a n d  d i f f u s e  i n  t h e  Raman e f f e c t  a n d  s t r o n g  i n  t h e  
i n f r a r e d .  T h i s  i s  p r o b a b ly  due t o  t h e  h i g h l y  i o n i c
^ J ,  Rud N i e l s e n  e t  a l . ,  J .  Chem. P h y s . .  1 6 , 67
( 1 9 4 8 ) ;  1 8 , 1471 (1 9 5 0 )  ;~2 0 7 ~ 4 7 3 , 847 (1 9 5 2 ) ;  2 l7 ~ 3 8 3 ,  1060 , 
1070 (1933^); 2 3 ,  329 (1953T; 2 7 ,  891 (1 9 5 7 ) ;  27T  887 
( 1 9 5 7 ) ,  —  —  —
5c h a r a c t e r  o f  t h e  CF b o n d .  The o t h e r  f l u o r i n a t e d  h y d r o c a rb o n s  
l i k e w i s e  e x h i b i t  c h a r a c t e r i s t i c  f e a t u r e s .
O ver tw e n ty  f l u o r o -  a n d  f l u o r o - c h l o r o e t h a n e s  w i t h
Q
s y m m e t r i c a l  e n d - g r o u p  h av e  b e e n  s t u d i e d  i n  t h i s  l a b o r a t o r y , °
S u b s t i t u t e d  e t h a n e s  w i t h  no s y m m e t r i c a l  e n d  g ro u p  a r e  much
more n u m e ro u s .  The s p e c t r a  o f  some o f  t h e s e  h av e  b e e n
s t u d i e d  by B e r n s t e in ,®  K a g a r ise ^ ®  a n d  M iz u s h im a .^ ^  T h ese
w o rk e r s  hav e  b e e n  m o s t ly  c o n c e r n e d  w i t h  t h e  p ro b le m  o f
r o t a t i o n a l  i s o m e r i s m .  R o t a t i o n a l  i so m e r ism  was f i r s t
12s t u d i e d  i n  o r g a n i c  compounds by K o h l r a u s c h  who was l e d  t o  
b e l i e v e  i n  t h e  e x i s t e n c e  o f  tw o i s o m e r i c  fo rm s  by  t h e  l a r g e  
num ber o f  Raman l i n e s  o b s e r v e d  i n  t h e  s p e c t ru m  o f  1 , 2 -  
d i c h l o r o e t h a n e  i n  t h e  l i q u i d  s t a t e .
The e x i s t e n c e  o f  two i s o m e r i c  fo rm s  was d e f i n i t e l y  
e s t a b l i s h e d  by t h e  l a t e r  w ork  o f  Kemp a n d  P i t z e r ,  K i s t i a k o w s k y , 
L â c h e r  a n d  S t i t t  a n d  W ilso n  on t h e  e n t r o p y  a n d  low  t e m p e r a t u r e
®J. Rud N i e l s e n  e t  a l , ,  J ,  Chem, P h y s ,  1 6 ,  67 ( 1 9 4 8 ) ;
1 8 ,  1471 ( 1 9 5 0 ) ;  2 0 , 4 7 3 7 ~ 8 l7  ( 1 9 5 2 ) ;  2 1 , 3 8 3 ,  TÏÏ60, 1070 
T T 9 5 3 );  329 (T 9 5 5 ) ;  891 (1 9 5 7 )“ ^ ,  887 ( 1 9 5 7 ) .
^H, J ,  B e r n s t e i n  e t  a l , ,  J ,  Chem, P h y s ,  8 , 410 ( 1 9 4 1 ) ;  
1 7 ,  2 5 6 ,  358 ( 1 9 4 9 ) ;  18 , S 5 '7 T l 9 5 0 ) ;  J .  Am. Chem, S o c .  7 3 ,
1815 (1 9 5 1 ) ,  7 4 ,  1859~T 1952),
^^R. E , K a g a r i s e  e t  a l . ,  J .  Chem. P h y s ,  1 7 ,  1354 
( 1 9 4 9 ) ;  T r a n s ,  F a r a d a y  S o c ,  394  ( 1 9 5 2 ) ;  J ,  CEem, P h y s ,
2 3 ,  207 ( L ) ,  1 1 3 ,  130 ( 1 9 5 5 ) ;  2 4 ,  1264 ( 1 9 5 6 ) ;  2 6 ,  380  ( 1 9 5 7 ) ;
680 ( 1 9 5 8 ) ,  ”  —
^^S , M izu sh im a , S t r u c t u r e  o f  M o le c u le s ,  A cadem ic 
P r e s s  I n c . ,  P u b l i s h e r s ,  New Y ork , N. Y. ( 1 9 5 4 ) .
W. F .  K o h l r a u s c h ,  Z. p h y s i k ,  Chem. B, 1932 ,
(1 8 )  6 1 ,
6h e a t  c a p a c i t y  o f  C^Hg a n d  C2 D g.^  They show ed t h a t  t h e  r o t a ­
t i o n  o f  t h e  two CHg g ro u p s  i n  e t h a n e  r e l a t i v e  t o  e a c h  o t h e r  
a b o u t  t h e  C-C a x i s  i s  n o t  f r e e ,  a s  was lo n g  a ssu m ed  by 
c h e m i s t s .  M easu rem en ts  o f  t h e  d i p o l e  moments o f  e t h a n e  a n d  
s u b s t i t u t e d  e t h a n e s ,  a n d  t h e  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  
d i p o l e  m om ents , hav e  a l s o  c o n f i r m e d  t h i s  h y p o t h e s i s .  I t  i s  
now b e l i e v e d  t h a t  t h e r e  a r e  i n  g e n e r a l  m ore t h a n  one p o t e n t i a l  
minimum i n  one c o m p le te  r o t a t i o n  o f  t h e  e n d  g ro u p  a b o u t  a
s i n g l e  bond  a s  a x i s ,  a s  shown i n  F i g u r e  1 ( t ) .
The m inima c o r r e s p o n d  t o  t h e  t h r e e  i d e n t i c a l  s t a b l e  
c o n f i g u r a t i o n s .  They c a n  be  r e p r e s e n t e d  r o u g h ly  by
1 V ( j ( l - c o s  3 0 ) ;  h o w e v e r ,  t h e  p o t e n t i a l  c u r v e  i s  n o t  w e l l  
known f o r  a n y  s u b s t i t u t e d  e t h a n e .  I n  an y  c a s e ,  t h e  p o t e n t i a l  
c u r v e  m ust o f  c o u r s e  by s y m m e t r i c a l  a r o u n d 0  = 1 8 0 ° .  F i g u r e s
2 ( k )  a n d  ( d )  i n d i c a t e  p o s s i b l e  p o t e n t i a l  c u r v e s  f o r  t h e
1 1
t r a n s  a n d  g a u c h e  fo rm s  o f  a m o le c u le  o f  t y p e  CX2Y-CX2Y s u c h
a s  CH2 CI-CH2CI o r  CF2B r-C B r2H. The s p a c i n g  b e tw e e n  two
d i f f e r e n t  m inim a may n o t  be e x a c t l y  1 2 0 ° .  I f  one minimum i s
d e e p e r  t h a n  t h e  o t h e r s ,  i t  c o r r e s p o n d s  t o  t h e  more s t a b l e  ( i . e .
l e s s  e n e r g e t i c )  c o n f i g u r a t i o n ;  e . g .  ( a )  r e p r e s e n t s  t h e  c a s e
w h ere  t h e  t r a n s  fo rm  i s  m ore s t a b l e  a n d  ( c )  r e p r e s e n t s  t h e  c a s e
w h ere  t h e  g a u c h e  fo rm  i s  m ore s t a b l e .  I n  t h e  l i q u i d  s t a t e
t h e  p o t e n t i a l  c u r v e  i s  g e n e r a l l y  d i f f e r e n t  a n d  t h e  v a l u e  o f  
0
AE^may n o t  be  t h e  same a s  f o r  t h e  g a s .
A l th o u g h  more t h a n  one s t a b l e  c o n f i g u r a t i o n  o c c u r s  
i n  t h e  l i q u i d  a n d  g a s e o u s  p h a s e s  o f  t h e s e  com pounds, c a s e s
( a )
H
E
e
(b )
F i g ,  1 .  M o le c u la r  C o n f i g u r a t i o n  a n d  P o t e n t i a l  C urve o f
E t h a n e .
X
a  X
Y
( a )
E
e
(b )
X
( c )
e
(d )
F i g ,  2 ,  S t a b l e  C o n f i g u r a t i o n s  a n d  P o t e n t i a l  C u rv e s  o f
M o le c u le  o f  Type CX2 Y-CX2Y
8a r e  known i n  w h ic h  o n ly  one form  e x i s t s  i n  t h e  c r y s t a l l i n e  
p h a s e .  Hence t h e  s p e c t ru m  o f  t h e  c r y s t a l l i n e  s o l i d  may be 
s i m p l e r  t h a n  t h o s e  o f  t h e  l i q u i d  a n d  g a s .  T h i s  was f i r s t  
i n f e r r e d  by M izushim a a n d  h i s  c o w o rk e rs ^ ^  from  t h e  Raman 
s p e c t r a  o f  1 , 2 - d i h a l o g e n o e t h a n e s .
In  s p i t e  o f  t h e  f a c t  t h a t  t h e s e  m o le c u l e s  e x i s t  i n  
d i f f e r e n t  i s o m e r i c  fo rm s ,  t h e  g r e a t  s i m i l a r i t y  i n  t h e i r  
p h y s i c a l  a n d  c h e m ic a l  p r o p e r t i e s  m akes t h e i r  s e p a r a t i o n  
i m p o s s i b l e .  N e v e r t h e l e s s ,  t h e  s m a l l  d i f f e r e n c e s  i n  t h e i r  
h e a t  f u n c t i o n s  a n d  e n t r o p i e s  c a n ,  i n  some c a s e s ,  be o b t a i n e d  
from  t h e  m e a su re m e n ts  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  
i n t e n s i t i e s  o f  Raman a n d  i n f r a r e d  b a n d s  a s s o c i a t e d  w i t h  t h e  
i s o m e r i c  fo rm s .  T h i s  m ethod  o f  d e t e r m in i n g  AE° was f i r s t  
em p lo y ed  by L a n g s e th  a n d  B e r n s t e i n ^ ^  who m ë a s u re d  t h e  v a r i a ­
t i o n  o f  i n t e n s i t i e s  o f  i n f r a r e d  b a n d s  a n d  l a t e r  by Rank^^ 
a n d  c o w o rk e rs  who made s i m i l a r  - o b s e rv a  t io n s in i i ie  Raman e f f e c t .  
The e n e r g y  d i f f e r e n c e  h a s  a l s o  b e e n  d e t e r m in e d  by m e a s u re ­
m en ts  on t h e  i n f r a r e d  b a n d s  i n  t h e  l i q u i d  a n d  v a p o r  p h a se  by 
B e r n s t e in ^ S  a n d  M izushim a.^®  The fo rm e r  h a s  a l s o  d e te r m in e d  
t h e s e  e n e r g y  d i f f e r e n c e s  f o r  s e v e r a l  s u b s t i t u t e d  e t h a n e s  from
L a n g s e th  a n d  H. J .  B e r n s t e i n ,  J .  Chem. P h y s .  8 ,
410 (1 9 4 1 ) .
l^ D . H. Rank e t  a l . ,  J .  Chem. P h y s .  16 , 704 (1 9 4 8 ) ;  
U ,  1354 ( 1 9 4 9 ) .
J .  B e r n s t e i n  e t  a l . ,  J .  Chem. P h y s .  17 , 258
( 1 9 4 9 ) ;  3^ , 897 ( 1 9 5 0 ) .
IG g. M izushim a e t  a l . ,  J .  Chem. P h y s .  1 7 ,  591 ( 1 9 4 9 ) .
9m e a su re m e n ts  made i n  s o l u t i o n s  o f  t h e  s a m p le s  i n  d i l u t e  non­
p o l a r  s o l v e n t s .
R e c e n t ly  w ork h a s  b e e n  done i n  t h i s  l a b o r a t o r y  by
18K laboe  on CF2H-CF2H a n d  a num ber o f  o t h e r  s u b s t i t u t e d  
e t h a n e s  e x h i b i t i n g  r o t a t i o n a l  i s o m e r i s m .
Some o f  t h e  m e th o d s  m e n t io n e d  a b o v e  h av e  b e e n  em p lo y ed  
i n  t h e  p r e s e n t  r e s e a r c h  i n  o r d e r  t o  s e e  i f  t h e  b a n d s  o c c u r i n g  
i n  t h e  i n f r a r e d  a n d  Raman s p e c t r a  o f  t h e  h a l o g e n a t e d  e t h a n e  
CF2Br-CHBr2 a r e  due t o  more t h a n  one i s o m e r .
I n  t h i s  t h e s i s  a d e t a i l e d  s t u d y  i s  made o f  t h e  
i n f r a r e d  a n d  Raman s p e c t r a  o f  t h e  f l u o r i n a t e d  e t h y l e n e s  
CFCl=CHBr a n d  C2H2 FBr a n d  t h e  e t h a n e  CF2Br-CHBr2 . S in c e  e a c h  
o f  t h e s e  compounds p r e s e n t s  d i f f e r e n t  p r o b le m s ,  t h e  w ork done 
on e a c h  compound a n d  t h e  r e s u l t s  o b t a i n e d  a r e  d i s c u s s e d  i n  
s e p a r a t e  c h a p t e r s .
17H. J .  B e r n s t e i n ,  J .  Am. Chem. S o c . ,  7 3 ,  1815 ( 1 9 5 1 ) .
18 P . K lab o e  a n d  J .  Rud N i e l s e n  ( p r i v a t e  c o m m u n ic a t io n ) .
CHAPTER I I  
EXPERIMENTAL
The i n f r a r e d  a b s o r p t i o n  s p e c t r a  o f  t h e  compounds i n  
t h e  g a s e o u s  s t a t e  a t  room t e m p e r a t u r e  w ere  o b t a i n e d  w i t h  t h e  
a i d  o f  a P e r k in - E lm e r  Model 112 d o u b l e - p a s s  s p e c t r o m e t e r  a n d  
an  a u t o m a t i c  r e c o r d e r .  A m u l t i p l e - r e f l e c t i o n  c e l l  o f  1 m 
p a t h  l e n g t h ,  f i t t e d  w i t h  KRS-5 window s was u s e d .
The s p e c t r o m e t e r  was f l u s h e d  w i t h  d ry  n i t r o g e n  t o  
r e d u c e  a b s o r p t i o n  by a t m o s p h e r i c  w a t e r  v a p o r  a n d  c a r b o n  
d i o x i d e .  Even s o ,  t h e  a b s o r p t i o n  due t o  t h e  l a t t e r  c o u ld  
n o t  b e  c o m p l e t e l y  e l i m i n a t e d .  I t  i s  o b v io u s  t h a t  t h e  am ount 
o f  l i g h t  i n c i d e n t  on t h e  d e t e c t o r  f o r  a p a r t i c u l a r  w a v e le n g th  
s e t t i n g  d e p e n d s  on t h e  num ber o f  m o l e c u l e s  i n  t h e  p a t h  o f  
l i g h t ,  f o r  a  c e r t a i n  s l i t  w id th  a n d  c u r r e n t  t h r o u g h  t h e  
g l o b a r .  The a b s o r b i n g  m o l e c u l e s  i n  t h e  p a t h  o f  l i g h t  a l s o  
i n c l u d e  t r a c e s  o f  w a t e r  v a p o r  a n d  c a r b o n  d i o x i d e  p r e s e n t  i n  
t h e  i n s t r u m e n t .  T h e r e f o r e ,  t h e  a c t u a l  t r a n s m i t t a n c e  due t o  
t h e  sa m p le  a t  a n y  p o i n t  i n  t h e  t r a n s m i s s i o n  c u r v e  was 
o b t a i n e d  i n  t h e  f o l l o w i n g  w ay . The a b s o r p t i o n  c u r v e  ( I q 
c u r v e )  w i t h  t h e  c e l l  em pty  was o b t a i n e d .  Then t h e  a b s o r p t i o n  
c u r v e  I  w i t h  t h e  sa m p le  was r e c o r d e d ,  s u p e r p o s e d  on t h e  I q 
c u r v e .  In  o r d e r  t o  do t h i s ,  t h e  r e c o r d i n g  p a p e r  was r o l l e d
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b a c k  a n d  t h e  l a t t e r  c u r v e  s t a r t e d  e x a c t l y  a t  t h e  same p o s i t i o n  
a s  t h e  I q  c u r v e .  The z e r o  t r a n s m i s s i o n  l i n e  was c a r e f u l l y  
r e c o r d e d  w i t h  t h e  s l i t s  c l o s e d .  The p e r c e n t a g e  o f  e n e r g y  
t r a n s m i t t e d  f o r  a n y  w a v e le n g th  was r e a d  o f f  w i t h  t h e  a i d  o f  
a G e rb e r  v a r i a b l e  s c a l e .  When t h e  z e r o  a n d  h u n d re d  p e r c e n t  
t r a n s m i s s i o n  m arks  on t h i s  s c a l e  c o i n c i d e  w i t h  t h e  z e r o  a n d  
I q ,  o b t a i n e d  a s  d e s c r i b e d  a b o v e ,  t h e  r e a d i n g  a t  an y  p o i n t  on 
t h e  a b s o r p t i o n  c u r v e  g i v e s  t h e  p e r  c e n t  t r a n s m i s s i o n  d i r e c t l y .
I n  o r d e r  t o  s t u d y  t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  g a s e s  
a t  h i g h e r  t e m p e r a t u r e s ,  a c e l l  c o n s t r u c t e d  by Mr, C. J .
H a i l e y  was u s e d .  T h i s  c e l l  c o n s i s t s  o f  a b r a s s  c y l i n d e r  10 
cm lo n g  a n d  o f  5 cm e x t e r n a l  d i a m e t e r  p r o v i d e d  w i t h  t h i c k  
KBr w indow s. T h e se  windows l i e  i n s i d e  s c re w  c a p s  w h ich  p r e s s  
them  t i g h t l y  a g a i n s t  t h e  p l a n e  e n d s  o f  t h e  b r a s s  c y l i n d e r  
f rom  w h ic h  t h e y  a r e  s e p a r a t e d  by r u b b e r  g a s k e t s .  The s e a l s  
a r e  made a i r  t i g h t  by m eans o f  g l y p t a l .  A c o i l  o f  cfetetail w i r e  
i s  wound a r o u n d  t h e  c e l l  w h ic h  i s  h e a t e d  by p a s s i n g  a s u i t a b l e  
c u r r e n t  t h r o u g h  t h e  w i r e .  The t e m p e r a t u r e  o f  t h e  g a s  i n s i d e  
i s  m e a s u re d  a r o u n d  t h e  m id p o in t  o f  t h e  c e l l  w i t h  a c a l i b r a t e d  
c o n s t a n t a n - i r o n  th e r m o c o u p le  p l a c e d  i n  c o n t a c t  w i t h  t h e  m e ta l  
p a r t .  The c e l l  i s  c o n n e c te d  t o  a vacuum l i n e  by  means o f  a 
s h o r t  c a p i l l a r y  t u b e  a t t a c h e d  t o  i t s  s i d e  w i t h  t h e  a i d  o f  a 
g l a s s  m e t a l  j o i n t .  The c a p i l l a r y  t u b e  i s  u s e d  i n  o r d e r  t o  
k e e p  t h e  num ber o f  a b s o r b i n g  m o le c u le s  i n s i d e  t h e  c e l l  n e a r l y  
c o n s t a n t .
The a b s o r p t i o n  s p e c t r a  o f  t h e  l i q u i d s  w ere  o b t a i n e d
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w i t h  s e a l e d  a n d  d e m o u n ta b le  c e l l s  c o n s t r u c t e d  i n  t h i s  l a b o r a ­
to r y ,^ ®  S e a le d  c e l l s  o f  t h i c k n e s s  90 jjl a n d  50 p w ere  u s e d .
F o r  t h e  v e r y  i n t e n s e  b a n d s  a d e m o u n ta b le  c e l l  w i t h  s u f f i ­
c i e n t l y  t h i n  s p a c e s  was u s e d .
F o r  t h e  s t u d y  o f  t h e  l i q u i d s  a t  d i f f e r e n t  t e m p e r a t u r e s ,  
t h e  s e a l e d  c e l l  i s  p r o v id e d  w i t h  a h e a t i n g  c o i l .  The 
t e m p e r a t u r e  was m e a s u re d  by  m eans o f  a c a l i b r a t e d  i r o n -  
c o n s t a n t a n  th e r m o c o u p le  p l a c e d  i n  c o n t a c t  w i t h  a p i e c e  o f  
alum inum  f o i l  w ra p p e d  a r o u n d  t h e  s i d e  o f  t h e  c e l l  a n d  i n  good 
c o n t a c t  w i t h  t h e  w indow s.
The i n f r a r e d  a b s o r p t i o n  s p e c t r a  o f  t h e  s a m p le s  i n  t h e  
s o l i d  s t a t e  w ere  o b t a i n e d  w i t h  t h e  a i d  o f  a l o w - t e m p e r a t u r e  
c e l l  d e s ig n e d  by Mr. C. J .  H a i l e y .  I t  i s  som ew hat s i m i l a r  t o  
t h e  c e l l  d e s c r i b e d  by L o rd ,  McDonald a n d  M il le r .® ®  The c e l l  
c o n s t r u c t e d  i n  t h i s  l a b o r a t o r y ,  c o n s i s t s  o f  two p a r t s  a s  
shown i n  F i g .  3 .  The u p p e r  p a r t  i s  a d ew ar ,  20 cm h ig h  a n d  
o f  6 cm i n t e r n a l  d i a m e t e r ,  w i t h  a  K ovar g l a s s  m e t a l  s e a l  a t  
t h e  b o t to m .  To t h e  m e ta l  s e a l  i s  a t t a c h e d  a s m a l l  h o l lo w  
m e ta l  c a p  w i t h  a  s c r e w  t h r e a d  i n  w h ich  f i t s  a c o p p e r  c y l i n d e r  
c a r r y i n g  a r e c t a n g u l a r  c o p p e r  f r a m e .  A s i l v e r  c h l o r i d e  o r  
KBr p l a t e  i s  a t t a c h e d  f i r m l y  t o  t h e  c o p p e r  f ra m e  by means o f  
s c r e w s .  The m e t a l  j o i n t  a n d  t h e  c o p p e r  c y l i n d e r  e n s u r e  good
^®B. C. S m ith  an d  F . C. M i l l e r ,  J .  O p t .  S o c .  Am. 3 4 ,
130 ( 1 9 4 4 ) .  —
®®R. C. L o rd ,  B. S .  McDonald a n d  F .  A. M i l l e r ,  J .
O p t .  S o c .  Am., 4 2 ,  149 ( 1 9 5 1 ) .
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DEWAR
k— ground g l a s s  joint
- . / « - m e t a l  g loss  joint 
- _ J —  m e t a l  c a p
-  silver ch lor ide  p la te
— KBr w i n d o w s  — '
F i g ,  3 .  Low T e m p e ra tu re  C e l l  F o r  I n f r a r e d  Work,
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t h e r m a l  c o n t a c t  b e tw e e n  t h e  r e f r i g e r a n t  i n  t h e  dew ar a n d  t h e  
s i l v e r  c h l o r i d e  ( o r  KBr) p l a t e .  The dew ar i s  p r o v i d e d  w i t h  
a g ro u n d  j o i n t  w h ic h  f i t s  o v e r  t h e  lo w e r  p a r t .  The g ro u n d  
j o i n t  m u st b e  g r e a s e d  w e l l  s o  t h a t  t h e r e  w i l l  n o t  be  an y  
d i f f i c u l t y  i n  s e p a r a t i n g  t h e  dew ar f ro m  t h e  c e l l .
The lo w e r  p a r t  i s  a g l a s s  b u l b ,  a s  shown i n  F i g .  3 ,  
f i t t e d  w i t h  t h i c k  KBr w indow s, a t t a c h e d  f i r m l y  t o  t h e  c e l l  
w i t h  t h e  a i d  o f  g l y p t a l .  The windows a r e  5 cm i n  d i a m e t e r  
a n d  f i t  e x a c t l y  i n  f r o n t  o f  t h e  c o n d e n s in g  s y s te m  a n d  t h e  
e n t r a n c e  s l i t  o f  t h e  s p e c t r o m e t e r .  The s i l v e r  c h l o r i d e  ( o r  
KBr) p l a t e  m e n t io n e d  ab o v e  i s  i n  l i n e  w i t h  t h e  w indows o f  
t h e  c e l l .  The l a t t e r  i s  p r o v id e d  w i t h  a n a r ro w  s i d e  t u b e ,  a t  
t h e  e n d  o f  w h ic h  i s  a g ro u n d  j o i n t  c o n n e c t i n g  t h e  c e l l  t o  a 
vacuum l i n e  a n d  a m an o m e te r .
The c e l l  i s  e v a c u a t e d  c a r e f u l l y  a n d  t h e  dew ar i s  
f i l l e d  w i t h  l i q u i d  a i r  w h ic h  c o o l s  t h e  c o p p e r  c y l i n d e r  b e lo w ,  
a n d  t h i s  i n  t u r n  c o o l s  t h e  s i l v e r  c h l o r i d e  ( o r  KBr) p l a t e .
When t h e  s t o p  c o c k  i n  t h e  s i d e  t u b e  a t t a c h e d  t o  t h e  c o n t a i n e r  
o f  t h e  sa m p le  u n d e r  i n v e s t i g a t i o n  i s  o p e n e d ,  t h e  sa m p le  
p a s s e s  i n t o  t h e  c e l l  a n d  c o n d e n s e s  on t h e  c o o l e r  p a r t s  o f  t h e  
l a t t e r ,  i n  p a r t i c u l a r  on t h e  s i l v e r  c h l o r i d e  ( o r  KBr) p l a t e .  
C a re  m u s t  be t a k e n  t o  s e e  t h a t  t h e  c e l l  i s  e v a c u a t e d  t h o r o u g h l y  
a n d  a l s o  t h a t  t h e r e  a r e  no  t r a c e s  o f  a i r  i n s i d e  t h e  d e w a r .
F o r  i f  t h e r e  i s  an y  m o i s t u r e  o v e r  t h e  m e ta l  p a r t  i n  t h e  d ew ar ,  
i t  f r e e z e s  a n d  fo rm s  a good i n s u l a t i o n  b e tw e e n  t h e  r e f r i g e r a n t  
a n d  t h e  m e t a l  p a r t ,  t h u s  m ak ing  i t  d i f f i c u l t  t o  p ro d u c e  a low
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t e m p e r a t u r e  i n s i d e  t h e  c e l l .  To im prove  t h e r m a l  c o n t a c t  a 
p i e c e  o f  a lum inum  f o i l  i s  w rap p ed  a l o n g  t h e  e d g e s  o f  t h e  
s i l v e r  c h l o r i d e  ( o r  KBr) p l a t e .
I t  i s  v e r y  i m p o r t a n t  t h a t  t h e  s o l i d  fo rm ed  be  i n  t h e  
c r y s t a l l i n e  s t a t e ;  f o r  i f  i t  i s  i n  t h e  fo rm  o f  a g l a s s  i t s  
s p e c t r u m  i s  more o r  l e s s  t h e  same a s  t h a t  o f  t h e  l i q u i d .  To 
i n s u r e  t h a t  t h e  s o l i d  i s  i n  t h e  c r y s t a l l i n e  form  t h e  v a p o r  
m ust b e  l e t  i n  v e r y  s l o w l y .  The t e m p e r a t u r e  a t  w h ich  t h e  
c o n d e n s a t i o n  t a k e s  p l a c e  i s  a l s o  i m p o r t a n t .  However, i n  t h e  
c e l l  u s e d  h e r e  t h e r e  i s  no  p r o v i s i o n  f o r  v a r y i n g  t h e  t e m p e ra ­
t u r e  e x c e p t  by  v a r y i n g  t h e  n a t u r e  a n d  t h e  am ount o f  t h e  
r e f r i g e r a n t .  U n f o r t u n a t e l y ,  e v e n  when t h e  v a p o r  i s  a d m i t t e d  
a s  s lo w ly  a s  p r a c t i c a b l e ,  one c a n n o t  be  a b s o l u t e l y  c e r t a i n  
t h a t  t h e  s o l i d  fo rm e d  i s  i n  t h e  c r y s t a l l i n e  s t a t e .
The Raman s p e c t r a  o f  t h e  compounds w ere  o b t a i n e d  
w i t h  t h e  s p e c t r o g r a p h  d e s c r i b e d  by  C l a s s e n ^ l  a n d  H udson.
The l i n e a r  d i s p e r s i o n  i s  15 A/mm n e a r  4358 A an d  34 A/mm a t  
5000 A. E a s tm an  Kodak R oyal Pan s h e e t  f i l m  was u s e d  f o r  t h e  
p h o t o g r a p h ic  r e c o r d i n g  o f  m ost o f  t h e  s p e c t r a .  The f i l m s  
w ere  d e v e lo p e d  f o r  12 m in u te s  i n  Kodak DK-60a d e v e lo p e r  a t  
20°C . Much f a s t e r  b u t  more c o a r s e - g r a i n e d  f i l m s ,  SO 1177 
a n d  R oyal X P a n ,  m a n u f a c tu r e d  by E a s tm an  Kodak w ere  u s e d  f o r
21H. H. C l a s s e n ,  "Raman S p e c t r a  o f  Some F l u o r i n a t e d  
H y d ro c a rb o n s "  (U n p u b l i s h e d  P h .D . d i s s e r t a t i o n .  D e p t ,  o f  
P h y s i c s ,  Oklahoma U n i v e r s i t y ) .
22 R. L . H udson , "Raman S p e c t r a  o f  Some F l u o r i n a t e d  
A r o m a t ic s "  (U n p u b l i s h e d  P h .D . d i s s e r t a t i o n .  D e p t ,  o f  P h y s i c s ,  
Oklahoma U n i v e r s i t y ) .
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t h e  s t r o n g e s t  e x p o s u r e s .  They r e d u c e d  t h e  t i m e s  o f  e x p o s u re  
b y , a  f a c t o r  o f  6 o r  8 . An i r o n  a r c  c o m p a r iso n  s p e c t ru m  was 
p h o to g ra p h e d  a d j a c e n t  t o  t h e  Raman s p e c t r u m .  The f i l m  was 
e n l a r g e d  2 2 .5  t im e s  a n d  t h e  f r e q u e n c i e s  o f  t h e  Raman b a n d s  
w ere  d e te r m in e d  by  i n t e r p o l a t i o n  u s i n g  c l o s e  i r o n  l i n e s  f o r  
r e f e r e n c e  a n d  a l a r g e - s c a l e  c a l i b r a t i o n  c u r v e . 2 1 ,2 2
I n  t h e  t a b l e s  l i s t i n g  t h e  Raman d a t a  t h e  f o l l o w i n g  
a b b r e v i a t i o n s  w ere  u s e d  t o  d e s c r i b e  r o u g h ly  t h e  r e l a t i v e  
i n t e n s i t i e s  a n d  t h e  g e n e r a l  a p p e a r a n c e  o f  t h e  b a n d s ;  £  s t r o n g ,  
v s  v e r y  s t r o n g ,  v v s  v e r y  v e r y  s t r o n g ,  m medium, w w eak, vw 
v e r y  w eak , vvw v e r y  v e r y  w eak , s h  s h a r p ,  d d i f f u s e  a n d  b 
b r o a d .
The Raman e x p o s u r e s  i n t e n d e d  f o r  p o l a r i z a t i o n  m e a s u re ­
m en ts  w ere  o b t a i n e d  by a n  a p p a r a t u s  s i m i l a r  t o  t h a t  d e v e lo p e d  
by C ra w fo rd  a n d  H o r w i tz .2 3  I t  i s  d e s c r i b e d  i n  d e t a i l  i n  t h e
PI
t h e s i s  o f  C l a s s e n .
The Raman s p e c t r a  o f  t h e  compound i n  t h e  l i q u i d  s t a t e  
a t  low  t e m p e r a t u r e s  ( -5 0 °C  t o  -7 0 °C )  w ere  o b t a i n e d  by a 
m ethod  d e v e lo p e d  by J a c k s o n . 24 The Raman tu b e  was e n c l o s e d  
i n  a  d o u b l e - w a l l e d  vacuum j a c k e t  t h r o u g h  t h e  i n t e r i o r  o f  
w h ich  was m a i n t a i n e d  a c o n t i n u o u s  f lo w  o f  n i t r o g e n  g a s  c o o l e d  
by p a s s i n g  i t  t h r o u g h  a c o i l  im m ersed  i n  l i q u i d  a i r .  The
22b . L , C ra w fo rd  J r .  a n d  W. H o ro w i tz ,  J .  Chem. P h y s .  
3 ^ ,  882 (1 9 4 7 ) .
2 4 j a s p e r  A. J a c k s o n  J r . :  V i b r a t i o n a l  S p e c t r a  o f
Lead  A lk y l s  ( U n p u b l is h e d  P h .D . d i s s e r t a t i o n .  D e p t ,  o f  P h y s i c s ,  
Oklahoma U n i v e r s i t y ) .
17
t e m p e r a t u r e  i n s i d e  t h e  j a c k e t  c o u l d  b e  v a r i e d  by  a d j u s t i n g  
t h e  f lo w  o f  n i t r o g e n  an d  was m e a s u re d  by m eans o f  a  c a l i ­
b r a t e d  t h e r m o c o u p le .
CHAPTER I I I  
INFRARED AND RAMAN SPECTRA OF CFCl:CHBr 
I n t r o d u c t i o n
Much w ork  h a s  b e e n  done on t h e  s t u d y  o f  i n f r a r e d  a n d  
Raman s p e c t r a  o f  s u b s t i t u t e d  e t h y l e n e s .  N e v e r t h e l e s s ,  v e r y  
few  com pounds w i t h  t h r e e  o f  t h e  h y d ro g e n  a to m s  s u b s t i t u t e d  
h av e  b e e n  p r e v i o u s l y  studied.^5,26,27 t h i s  c h a p t e r  i s  
g i v e n  a n  a c c o u n t  o f  t h e  r e s u l t s  o b t a i n e d  i n  a  s t u d y  o f  t h e  
i n f r a r e d  a n d  Raman s p e c t r a  o f  CFCl:CHBr. I t  a p p e a r s  t h a t  no 
p r e v i o u s  s p e c t r o s c o p i c  w ork  h a s  b e e n  done on t h i s  com pound. 
M o re o v e r ,  no d a t a  a r e  a v a i l a b l e  on t h i s  compound from  o t h e r  
f i e l d s  o f  i n v e s t i g a t i o n ,  s u c h  a s  e l e c t r o n  d i f f r a c t i o n  o r  
m ic ro w av e  s p e c t r o s c o p y .
E x p e r i m e n t a l  R e s u l t s
The s a m p le  (b.p.GROC a t  630  mm p r e s s u r e )  was p r e p a r e d  
i n  t h e  l a b o r a t o r y  o f  P r o f e s s o r  J ,  D, P a r k  a t  t h e  U n i v e r s i t y  
o f  C o lo r a d o .  Np i n f o r m a t i o n  was g i v e n  r e g a r d i n g  i t s  p u r i t y
O K
D. E .  Mann, N. A c q u i s t a  a n d  E .  K, P l y l e r ,  J .  Chem. 
P h y s .  1586 ( 1 9 5 4 ) .
Rud N i e l s e n ,  C, Y. L ia n g  a n d  D, C, S m i th ,  J .  
Chem. P h y s .  1090 { 1 9 5 2 ) ,
Rud N i e l s e n  a n d  Rose T h e im e r ,  J .  Chem. P h y s .
264 ( 1 9 5 7 ) .
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n o r  a s  t o  w h ic h  i s o m e r  was p r e s e n t .  H ow ever, t h e  s p e c t r a  
i n d i c a t e  t h e  p r e s e n c e  o f  two i s o m e r s .
The i n f r a r e d  a b s o r p t i o n  s p e c t ru m  o f  t h e  g a s  a t  room 
t e m p e r a t u r e  was o b t a i n e d  w i t h  a P e r k in - E I m e r  Model 112 
d o u b l e - p a s s  s p e c t r o m e t e r  e q u ip p e d  w i t h  C sB r, NaCl a n d  L iF  
p r i s m s  a n d  w i t h  a 1-m c e l l .  The wave num bers  o f  t h e  o b s e r v e d  
a b s o r p t i o n  maxima ( o r  i n  some c a s e s  " s h o u l d e r s " )  a r e  l i s t e d  
i n  T a b le  I  a n d  t h e  s p e c t r a  a r e  shown i n  F i g s ,  5 - 7 ,  The 
s p e c t r u m  o f  t h e  l i q u i d  was o b t a i n e d  w i t h  t h e  s e a l e d  a n d  
d e m o u n ta b le  c e l l s  m e n t io n e d  i n  C h a p te r  I I ,  The s p e c t r a  a r e  
shown i n  F i g s ,  8-3D, a n d  t h e  d a t a  a r e  l i s t e d  i n  T a b le  I I ,
The Raman s p e c t r u m  o f  t h e  l i q u i d  s e a l e d  i n  a P y re x  
g l a s s  t u b e  was o b t a i n e d  a t  room t e m p e r a t u r e .  S p e c t r a  
i n t e n d e d  f o r  p o l a r i z a t i o n  m e a su re m e n ts  w ere  p h o to g r a p h e d  
b u t  no q u a n t i t a t i v e  m e a s u re m e n ts  c o u l d  be made b e c a u s e  o f  
a  p ro n o u n c e d  b a c k g ro u n d  w h ic h  p r o b a b l y  was due t o  t h e  p h o to ­
s e n s i t i v i t y  o f  t h e  s a m p le .  The Raman s p e c t r u m  o f  t h e  l i q u i d  
was a l s o  o b s e r v e d  a t  a t e m p e r a t u r e  o f  -SQOC, A p a r t  from  t h e  
f a c t  t h a t  t h e  Raman b a n d s  w ere  s h a r p e r  a n d  b e t t e r  d e f i n e d ,  
a s  e x p e c t e d ,  t h e  l a t t e r  s p e c t ru m  d i d  n o t  p r o v i d e  a d d i t i o n a l  
i n f o r m a t i o n .  The Raman s p e c t r a l  d a t a  a r e  l i s t e d  i n  T a b le  I I I ,
I n t e r p r e t a t i o n  
The s t r u c t u r a l  f o rm u la  CFCl:CHBr c a n  r e p r e s e n t  
e i t h e r  o f  t h e  two i s o m e r i c  fo rm s  p i c t u r e d  i n  F i g .  4 :  ( a )  a
fo rm  i n  w h ic h  t h e  C l a n d  Br a to m s a r e  i n  t h e  c i s  p o s i t i o n  
r e l a t i v e  t o  e a c h  o t h e r ,  a n d  (b )  a fo rm  i n  w h ic h  t h e  C l a tom
20
Cl
Br
b  -  T v a n S *
F i g ,  4 ,  M o le c u la r  C o n f i g u r a t i o n s  o f  CFCl=CHBr
21
i s  i n  t h e  t r a n s  p o s i t i o n  r e l a t i v e  t o  t h e  B r  a to m .  F o r  
b r e v i t y ,  t h e s e  fo rm s  w i l l  h e n c e f o r t h  be  r e f e r r e d  t o  a s  t h e  
c i s  a n d  t r a n s  f o rm s .  I n  e i t h e r  fo rm  t h e  m o le c u le  h a s  t h e  
sym m etry  Cg, s o  t h a t  t h e  12 n o rm a l v i b r a t i o n s  d i v i d e  i n t o  
n i n e  o f  s p e c i e s  a ' ( i n - p l a n e )  a n d  t h r e e  o f  s p e c i e s  a "  ( o u t -  
o f - p l a n e )  .
As a l r e a d y  m e n t io n e d  t h e  o b s e r v e d  s p e c t r a  c o n t a i n  
a lm o s t  tw ic e  t h e  num ber o f  i n t e n s e  b a n d s  e x p e c t e d  o f  a s i n g l e  
i s o m e r .  T h i s  i n d i c a t e s  t h a t  b o t h  i s o m e r i c  fo rm s  a r e  p r e s e n t  
i n  t h e  s a m p le .  H ow ever, one o f  them  a p p e a r s  t o  be  c o n s i d e r a b l y  
m ore a b u n d a n t  t h a n  t h e  o t h e r .  The sam p le  was t e s t e d  w i t h  a 
g a s  c h r o m a to g ra p h ,  a n d  t h e  r e s u l t  c o n f i r m e d  t h e  p r e s e n c e  o f  
two i s o m e r i c  fo rm s  o f  c o n s i d e r a b l y  d i f f e r e n t  a b u n d a n c e .
The moments o f  i n e r t i a  o f  t h e  two m o l e c u l a r  s p e c i e s  
h av e  b e e n  c a l c u l a t e d .  I n  t h e  a b s e n c e  o f  e l e c t r o n  d i f f r a c t i o n  
d a t a  f o r  t h i s  compound, t h e  f o l l o w i n g  s t r u c t u r a l  p a r a m e t e r s  
t a k e n  from  p r e v i o u s  work on r e l a t e d  compounds^® w ere  u s e d :  
t h e  C :C , C -F , C -C l C-Br d i s t a n c e s  a s  1 .3 1 ,  1 . 3 1 ,  1 . 7 2 ,  1 .9 0  A, 
r e s p e c t i v e l y ,  a n d  t h e  C = C -ha logen  a n g l e s  a s  1 2 3 ° .  The 
c a l c u l a t e d  moments o f  i n e r t i a  f o r  t h e  c i s  fo rm  a r e :  1 6 6 .4 ,
6 5 4 .9 ,  a n d  8 2 1 .3 x 1 0 “ '^® g .c m .^  The moments o f  i n e r t i a  
o b t a i n e d  f o r  t h e  t r a n s  fo rm  a r e :  1 2 5 .0 ,  9 1 1 .3  a n d  1 0 3 6 .3 x 1 0 “ '^®
g .  cm .2 The a x e s  c o r r e s p o n d i n g  t o  t h e  s m a l l e s t  moments o f  
i n e r t i a  make a n g l e s ,  w i t h  t h e  C=C b o n d s ,  o f  21°26* i n  t h e  c i s  
a n d  4 0 0 4 3 ' i n  t h e  t r a n s  m o l e c u l e .
E . Mann e t  a l . ,  J .  Chem. P h y s .  2 7 ,  52 ( 1 9 5 7 ) .
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S in c e  t h e  a x e s  b e l o n g i n g  t o  t h e  l a r g e s t  moments o f
i n e r t i a  a r e  p e r p e n d i c u l a r  t o  t h e  sym m etry  p l a n e s  o r  p l a n e s
o f  t h e  m o l e c u l e s ,  t h e  a "  b a n d s  i n  b o t h  c a s e s  a r e  o f  t y p e  C.
On t h e  o t h e r  h a n d ,  t h e  a * b a n d s  w i l l  g e n e r a l l y  b e  h y b r i d s
b e tw e e n  t y p e s  A a n d  B, From t h e  c a l c u l a t e d  v a l u e s  o f  t h e
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moments o f  i n e r t i a  t h e  B ad g e r-Z u m w alt  p a r a m e t e r s ,  
f « ( a ~ c ) / b  a n d  s = ( 2b - a - c ) / ( a - c )  w ere  d e t e r m in e d ;  a , b , c ,  a r e  
t h e  r e c i p r o c a l s  o f  t h e  moments o f  i n e r t i a ,  A<B<C, r e s p e c t i v e l y .  
From t h e s e  p a r a m e t e r s  a n d  t h e  c u r v e s  g i v e n  i n  t h e  p a p e r  o f  
B a d g e r  an d  Zum w alt,^®  a p p r o x im a te  i n f o r m a t i o n  r e g a r d i n g  t h e  
c o n t o u r s  o f  t y p e  A, B a n d  C b a n d s  c a n  be  o b t a i n e d .  I n  t h e  
p r e s e n t  c a s e s ,  i t  was fo u n d  n e c e s s a r y  t o  e x t r a p o l a t e  from  t h e  
B a d g e r-Z u m w a lt  c u r v e s  t o  s u c h  a n  e x t e n t  t h a t  t h e  r e s u l t s  w ere  
n o t  v e r y  u s e f u l .
The c a l c u l a t e d  moments o f  i n e r t i a  show t h a t  b o t h  
m o le c u le s  a r e  f a i r l y  n e a r l y  s y m m e tr ic  t o p s  w i t h  t h e  a x e s  o f  
s m a l l e s t  m oments o f  i n e r t i a  l y i n g  i n  t h e  sym m etry  p l a n e .  
T h e r e f o r e  t h e  a "  f u n d a m e n ta l s  c a n  a l s o  be  d e s c r i b e d  r o u g h ly  
a s  p e r p e n d i c u l a r  b a n d s  a n d  t h e  a ’ f u n d a m e n ta l  h y b r i d s  b e tw e e n  
p e r p e n d i c u l a r  a n d  p a r a l l e l .  Some i n f o r m a t i o n  r e g a r d i n g  t h e  
c o n t o u r s  c a n  t h e r e f o r e  be  o b t a i n e d  f ro m  a p a p e r  by  G e rh a rd  
a n d  D e n n i s o n . 30 From t h e  p a r a m e t e r  |5“ ( A /C ) - 1 ,  w h ere  A=B^C, 
t h e  d o u b l e t  s e p a r a t i o n  f o r  t h e  " p a r a l l e l "  b a n d s  a r e  fo u n d  t o  be
3 0 r .  M, B a d g e r  a n d  L . R, Zum w alt,  J .  Chem. P h y s . ,  6 ,
711 ( 1 9 3 8 ) .
30s
197 ( 1 9 3 3 ) .
3®S. L . G e r h a rd  a n d  D. M. D e n n is o n ,  P h y s .  Rev. 4 3 ,
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9 cm“ ^ a n d  10 cm” ^ f o r  t h e  c i s  a n d  t r a n s  m o l e c u l e s ,  r e s p e c ­
t i v e l y ,  The r a t i o  o f  t h e  Q b r a n c h  t o  t h e  e n t i r e  p a r a l l e l  
b an d  i s  fo u n d  t o  be  0 .2  f o r  t h e  c i s  a n d  0 .1  f o r  t h e  t r a n s .
The p e r p e n d i c u l a r  b a n d s  i n c l u d i n g  t h e  a ” f u n d a m e n ta l s  s h o u ld  
b e  b r o a d  i n  b o t h  c a s e s ,  a n d  m ore s o  f o r  t h e  t r a n s  t h a n  f o r  
t h e  c i s  m o l e c u l e .  The a "  b a n d s  o f  t h e  c i s  form  s h o u ld  h ave  
a  m ore p ro n o u n c e d  z e r o  b r a n c h  t h a n  f o r  t h e  t r a n s  fo rm .  
U n f o r t u n a t e l y ,  t h e  c o n t o u r s  o f  m ost o f  t h e  b a n d s  i n  t h e  
i n f r a r e d  s p e c t r u m  o f  t h e  g a s  a r e  n o t  w e l l  d e f i n e d  due t o  
o v e r l a p p i n g .  However t h e  p r e s e n c e  o f  more th a n  one b an d  i f  
t h e y  a r e  c l o s e  t o g e t h e r  i s  a s c e r t a i n e d  w i t h  t h e  a i d  o f  t h e  
i n f r a r e d  s p e c t r u m  o f  t h e  l i q u i d  a n d  t h e  Raman s p e c t r u m .
I n  c e r t a i n  s p e c t r a l  r e g i o n s  t h e  b a n d s  seem t o  o c c u r  
i n  p a i r s ,  one b an d  o f  t h e  p a i r  b e i n g  more i n t e n s e  t h a n  t h e  
o t h e r .  In  s u c h  c a s e s  i t  i s  n a t u r a l  t o  assum e t h a t  t h e  s t r o n g e r  
o f  t h e  tw o b e l o n g s  t o  t h e  m ore a b u n d a n t  i s o m e r i c  fo rm .  Thus 
tw o i n t e n s e  b a n d s  a r e  p r e s e n t  i n  t h e  Raman s p e c t r u m  a t  3115 
cm“ ^ a n d  3092 cm "^, t h e  f o rm e r  b e i n g  t h e  s t r o n g e r  o f  t h e  tw o .  
T h e se  a r e  u n d o u b te d ly  t h e  two e x p e c t e d  f u n d a m e n ta l s  a s s o c i ­
a t e d  w i t h  C-H s t r e t c h i n g  m o t i o n s .  The c o r r e s p o n d i n g  b a n d s  
i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  g a s  o c c u r  a t  3108 cm” ^ an d  
3107  c m "!;  an d  i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  l i q u i d  a t  
3113 cm "l an d  3089 cm“ ^ .  A g a in  t h e  b an d  o f  h i g h e r  wave 
num ber i s  t h e  m ore i n t e n s e .  I t  w i l l  be  a s c r i b e d  t o  t h e  more 
a b u n d a n t  i s o m e r  w h ic h  w i l l  be d e n o te d  by  I ,  w h i l e  t h e  band  
a t  3107 cm "! i s  a s c r i b e d  t o  t h e  l e s s  a b u n d a n t  i s o m e r  w h ich
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w i l l  b e  d e s i g n a t e d  a s  I I .  The q u e s t i o n  w h e th e r  I  i s  c i s  o r  
t r a n s  ( i n  t h e  s e n s e  d e s c r i b e d  a b o v e )  w i l l  be  d i s c u s s e d  l a t e r .
T h e re  a r e  tw o s t r o n g  b a n d s  a t  1650 a n d  1640 cm"^ i n  t h e  
i n f r a r e d  s p e c t ru m  o f  t h e  g a s .  The c o r r e s p o n d i n g  b a n d s  o c c u r  
w i t h  h ig h  i n t e n s i t y  a t  1650 cm“ ^ a n d  1632 cmT^ i n  t h e  Raman 
s p e c t ru m  o f  t h e  l i q u i d .  T h ese  u n d o u b te d ly  r e p r e s e n t  a '  
f u n d a m e n ta l s  due t o  C=C s t r e t c h i n g ,  one f o r  e a c h  i s o m e r .
T h i s  i s  i n  a c c o r d  w i t h  t h e  o b s e r v a t i o n s  made by p r e v i o u s
o 1 3 2w o r k e r s ,* ^  a n d  w i t h  t h e  c a l c u l a t i o n s  made by Mann a n d  o t h e r s ,  
t h a t  t h e  wave number o f  t h i s  f u n d a m e n ta l  i s  a b o u t  1640 i n  
e t h y l e n e s  w i t h  o n ly  one f l u o r i n e  a tom  s u b s t i t u t e d .  I n  b o t h  
t h e  i n f r a r e d  a n d  t h e  Raman s p e c t ru m  t h e  b a n d  a t  h i g h e r  
f r e q u e n c y  i s  more i n t e n s e  t h a n  t h e  o t h e r .  I t  i s ,  t h e r e f o r e ,
a t t r i b u t e d  t o  i s o m e r  I  a n d  t h e  o t h e r  t o  I I .
—  1 —1 Two b a n d s  a t  1125 cm" a n d  1250 cm” a r e  v e r y  s t r o n g
i n  t h e  i n f r a r e d  s p e c t ru m  b u t  have  r a t h e r  weak c o u n t e r p a r t s  a t
1125 c m ' l  a n d  1242 cm” ^ i n  t h e  Raman s p e c t r u m ;  e s p e c i a l l y  t h e
Raman b an d  a t  1125 cm "! i s  v e r y  d i f f u s e .  T h e se  b a n d s  a r e
a s s i g n e d  a s  a ’ f u n d a m e n t a l s .  They a r e  p r o b a b l y  a s s o c i a t e d
w i t h  C-F s t r e t c h i n g  m o t io n s  w h ich  u s u a l l y  e x h i b i t  t h e  above
s p e c t r a l  f e a t u r e s .  The s t r o n g e r  b a n d  a t  1125 cm“ ^ i n  t h e
y
i n f r a r e d  s p e c t r u m  o f  t h e  g a s ^ i s  a s c r i b e d  t o  I  a n d  t h e  w eak e r  
b a n d  n e a r  1250 cm"^ t o  I I .
B. H a tc h e r  a n d  D, M. Y o s t ,  J .  Chem. P h y s . ,  5 ,
992 ( 1 9 3 7 ) .  ~
E . Mann e t  £ l . ,  J .  Chem. P h y s . ,  2 7 ,  51 ( 1 9 5 7 ) .
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I n  t h e  i n f r a r e d  s p e c t ru m  o f  t h e  g a s  two b a n d s  a r e
o b s e r v e d  a t  1060 cm“ ^ a n d  1082 a n d  i n  t h e  i n f r a r e d
s p e c t r u m  o f  t h e  l i q u i d  a t  1057 cm“ ^ a n d  1079 cm” ^ .  T h e re
d o e s  n o t  seem  t o  be  an y  d o u b t  t h a t  t h e s e  a r e  a ’ f u n d a m e n ta l s
o f  t h e  tw o i s o m e r s ;  t h e  s t r o n g e r  b a n d  o f  h i g h e r  f r e q u e n c y  i s
a s c r i b e d  t o  1 a n d  t h e  w e a k e r  b a n d  t o  1 1 ,  I n  t h e  Raman
s p e c t ru m  t h e r e  a r e  two b a n d s  o f  medium i n t e n s i t y  a t  1072 cm“ ^
a n d  1083 cm "^. I n  a d d i t i o n  t h e r e  i s  a v e r y  weak a n d  d i f f u s e
b an d  a t  1062 cm“ ^ .  T h e re  c a n  be  no d o u b t  t h a t  t h e  b a n d  a t
1083 cm "l c o r r e s p o n d i n g  t o  t h e  b a n d  a t  1082 cm” ^ i n  t h e
i n f r a r e d  s p e c t ru m  o f  t h e  g a s  a n d  t o  t h e  b a n d  a t  1079 cm” ^ i n
t h e  i n f r a r e d  s p e c t r u m  o f  t h e  l i q u i d ,  i s  t h e  a '  f u n d a m e n ta l  o f
1 .  In  v ie w  o f  i t s  i n t e n s i t y  t h e  b a n d  a t  1072 cm"^ m ig h t  be
i n t e r p r e t e d  a s  t h e  c o r r e s p o n d i n g  a ’ f u n d a m e n ta l  o f  11 , How-
1 w«.ii
e v e r ,  t h e  f r e q u e n c y  o f  t h e  weak b a n d  a t  1062 cm” a g r e e s ^ w i t h  
t h a t  o f  t h e  b a n d  a t  1057 cm” ^ i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  
l i q u i d .  I t  i s  t h e r e f o r e  a s s i g n e d  a s  t h e  a* fu n d a m e n ta l  o f  11 
a n d  t h e  b a n d  a t  1079 cm” ^ i s  b e l i e v e d  t o  b e  t h e  o v e r t o n e  o f  
t h e  f u n d a m e n ta l  a t  532 cm” ^ .  The p e c u l i a r i t i e s  i n  t h e  
i n t e n s i t i e s  o f  t h e s e  b a n d s  a r e  d i s c u s s e d  l a t e r .
The Raman b a n d s  a t  831 cm” ^ a n d  801 cm” ^ a r e  u n d o u b t ­
e d l y  a '  f u n d a m e n ta l s  o f  t h e  two i s o m e r s .  The f o rm e r  i s  v e r y  
weak b u t  h a s  v e r y  s t r o n g  c o u n t e r p a r t s  a t  833 cm"^ i n  t h e  
i n f r a r e d  s p e c t ru m  o f  t h e  g a s ,  a n d  a t  829 cm“ ^ i n  t h e  i n f r a r e d  
s p e c t ru m  o f  t h e  l i q u i d .  The b a n d s  n e a r  801 cm” ^ a r e  s t r o n g  
i n  a l l  t h e s e  s p e c t r a .  T hese  f u n d a m e n ta l s  a r e  p r o b a b l y
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a s s o c i a t e d  l a r g e l y  w i t h  C -C l s t r e t c h i n g .  The f u n d a m e n ta l  o f  
lo w e r  f r e q u e n c y  w h ic h  i s  t h e  s t r o n g e r  o f  t h e  tw o i n  t h e  
i n f r a r e d  s p e c t r a  o f  b o t h  g a s  a n d  l i q u i d  i s  a s c r i b e d  t o  I  a n d  
t h e  o t h e r  t o  I I ,  O th e r  s p e c t r a l  f e a t u r e s  s u p p o r t i n g  t h i s  
c h o i c e  w i l l  be  d i s c u s s e d  l a t e r .  L i k e w is e ,  t h e  two Raman 
b a n d s  a t  647 cm” ^ a n d  532 cm” ^ a r e  a s s i g n e d  a s  a ’ fundam en­
t a l s  a s s o c i a t e d  w i t h  C-Br s t r e t c h i n g .  The c o r r e s p o n d i n g  
b a n d s  i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  g a s  a n d  t h e  l i q u i d  
a p p e a r  a t  647 cm” ^ a n d  546 cm“ ^ ,  a n d  a t  641 cm“ ^ a n d  532 cm "^, 
r e s p e c t i v e l y .  The f u n d a m e n ta l  o f  h i g h e r  f r e q u e n c y  w h ic h  i s  
s t r o n g  i n  a l l  t h r e e  s p e c t r a  i s  a s c r i b e d  t o  I ,  w h i l e  t h a t  o f  
lo w e r  f r e q u e n c y  w h ic h  i s  w e a k e r  i n  a l l  s p e c t r a  i s  a s c r i b e d  
t o  I I ,
I n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  g a s  a v e r y  s t r o n g  
a b s o r p t i o n  maximum i s  fo u n d  a t  753 cm "! s u r r o u n d e d  by 
s h o u l d e r s  on b o t h  s i d e s .  The c o n t o u r ,  a l t h o u g h  n o t  c l e a r  
c u t ,  i n d i c a t e s  t h a t  i t  may be a t y p e  C b a n d .  I n  t h e  i n f r a r e d  
s p e c t ru m  o f  t h e  l i q u i d  tw o maxima a r e  f o u n d ,  one a t  755 cm” ^ 
a n d  a w e a k e r  one a t  746 cm "^. In  t h e  Raman s p e c t ru m  a s t r o n g  
b a n d  i s  o b s e r v e d  a t  748 cm“ ^ a n d  a much w e a k e r  a n d  more 
d i f f u s e  b a n d  a t  759 cm“ ^ .  The i n f r a r e d  b a n d  a t  753 cm” ^ i n  
t h e  g a s ,  a n d  t h e  Raman a n d  i n f r a r e d  b a n d s  i n  t h e  l i q u i d  n e a r  
747 cm "l a r e  a s s i g n e d  a s  a n  a "  f u n d a m e n ta l  o f  I ,  The b a n d s  
n e a r  757 cm“ ^ i n  t h e  l i q u i d  a n d  t h e  s h o u l d e r  a t  759 cm“ ^ i n  
t h e  g a s  a r e  a s s i g n e d  a s  t h e  c o r r e s p o n d i n g  a ” fu n d a m e n ta l  o f  
I I ,  The m o t io n  a s s o c i a t e d  w i t h  t h e s e  f u n d a m e n ta l s  may be
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d e s c r i b e d  r o u g h ly  a s  CHBr w a g g in g .
I n  t h e  Raman s p e c t r u m  a weak b a n d  i s  fo u n d  a t  490 
c m " l .  The c o r r e s p o n d i n g  i n f r a r e d  b a n d  i n  t h e  g a s  a t  493 cm"^ 
h a s  d e f i n i t e l y  t y p e  C c o n t o u r .  I t  i s  i n t e r p r e t e d  a s  an  a "  
f u n d a m e n ta l  a n d  i s  a s c r i b e d  t o  I ,  The b a n d s  a t  434  cm“ ^ 
w h ic h  a r e  r a t h e r  m ore i n t e n s e  i n  t h e  i n f r a r e d  a n d  Raman 
s p e c t r a ,  a r e  a s s i g n e d  a s  t h e  c o r r e s p o n d i n g  a "  f u n d a m e n ta l  
o f  I I .
A l th o u g h  t h e  m ain  c r i t e r i o n  f o r  a s c r i b i n g  t h e  f u n d a ­
m e n t a l s  t o  t h e  two m o l e c u l e s  h a s  b e e n  t h e  r e l a t i v e  i n t e n s i t i e s  
o f  t h e  b a n d s ,  t h e  i n t e r p r e t a t i o n  o f  many o f  t h e  w e a k e r  b a n d s  
a s  b i n a r y  c o m b i n a t i o n s  i n  t e r m s  o f  t h e  f u n d a m e n ta l s  h a s  a l s o  
b e e n  c o n s i d e r e d .  The a s s ig n m e n t  w h ic h  e x p l a i n s  t h e  l a r g e s t  
num ber o f  c o m b in a t io n  b a n d s  h a s  b e e n  t a k e n  a s  t h e  m ost 
p r o b a b l e  o n e .  On t h i s  b a s i s ,  t h e  more i n t e n s e  b a n d s  a t  
434 cm"^ a r e  a s c r i b e d  t o  t h e  l e s s  a b u n d a n t  m o le c u le  I I  a n d  
t h e  l e s s  i n t e n s e  b a n d s  a t  490 cm“ t o  I .  F o r  s i m i l a r  r e a s o n s  
t h e  v e r y  s t r o n g  Raman b a n d  a t  272 cm“ ^ i s  a s s i g n e d  t o  I I  an d  
t h e  w e a k e r  b a n d  n e a r  225 cm” ^ t o  I .  T h e se  a r e  a* f u n d a m e n ta l s  
p r o b a b ly  i n v o l v i n g  m a in ly  CHBr r o c k i n g .
The f a c t  t h a t  t h e  num ber o f  i n t e n s e  b a n d s  i n  b o th  t h e  
i n f r a r e d  a n d  Raman s p e c t r a  i s  l e s s  t h a n  24  show s t h a t  t h e r e  
m u st be  some f u n d a m e n ta l s  w h ic h  a r e  common t o  b o th  m o l e c u l a r  
s p e c i e s .  The s t r o n g  Raman b a n d  a t  354  cm“ ^ ,  t h e  medium 
i n t e n s i t y  i n f r a r e d  b a n d  a t  352  cm“ ^ i n  t h e  g a s ,  a n d  t h e  
s t r o n g  i n f r a r e d  b a n d  o b s e r v e d  a t  350  cm“ ^ i n  t h e  l i q u i d  a r e
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a s s i g n e d  a s  an  a '  f u n d a m e n ta l  common t o  b o th  i s o m e r s .  I t  i s  
p r o b a b l y  a s s o c i a t e d  m a in ly  w i t h  CFCl d e f o r m a t i o n .  The i n t e n s e  
Raman b a n d  o f  wave number 167 i s  a l s o  a s s i g n e d  a s  a n  a "  
fu n d a m e n ta l  common t o  b o t h  m o l e c u l a r  s p e c i e s ;  t h e  m o t io n  
i n v o l v e d  i s  p e r h a p s  l a r g e l y  CFCl r o c k i n g .
The b a n d s  o f  wave n u m b ersb e lo w  350 w ere  o b s e rv e d
o n ly  i n  t h e  Raman s p e c t r u m .  The Raman b a n d s  a t  146 cm“ ^ a n d
176 cm "! a r e  a s s i g n e d  a s  t h e  l o w e s t  a " f u n d a m e n ta l s ;  t h e  more
1
i n t e n s e  b an d  a t  146 cm”  i s  a s c r i b e d  t o  I a n d  t h e  l e s s  i n t e n s e  
b a n d  o f  h i g h e r  wave number t o  I I .  The m o t io n s  p r o b a b ly  
c o n s i s t  l a r g e l y  o f  t w i s t i n g .
D i s c u s s i o n
As h a s  a l r e a d y  b e e n  m e n t io n e d ,  t h e  Raman b a n d  a t  
1060 cm "! i s  v e r y  weak a n d  d i f f u s e .  I t  i s  i d e n t i f i e d  w i t h  <x 
f u n d a m e n ta l  c o r r e s p o n d i n g  t o  t h e  s t r o n g  i n f r a r e d  b an d  o f  t h e  
l i q u i d  n e a r  1057 cm“ ^ . The Raman b a n d  o f  wave num ber 1072 i s  
v e r y  s t r o n g  a n d  i s  i n t e r p r e t e d  a s  t h e  o v e r t o n e  o f  t h e  f u n d a ­
m e n ta l  a t  532 cm "^. The e n h a n c e m e n t  o f  t h e  i n t e n s i t y  o f  t h e  
o v e r to n e  may be  due t o  F e rm i r e s o n a n c e .  T h e re  a r e  c e r t a i n  
o t h e r  b a n d s  w h ich  e x h i b i t  s i m i l a r  p e c u l a r i t i e s  o f  e n h a n c e ­
m en ts  o f  i n t e n s i t i e s  a n d  a l s o  f r e q u e n c y  s h i f t s ;  t h e s e  a r e  
d e s i g n a t e d  by (F )  i n  t h e  t a b l e s .
In  t h e  a b s e n c e  o f  c a l c u l a t e d  f r e q u e n c i e s  o f  t h e  
fu n d a m e n ta l s  f o r  t h e  m o le c u le s  i n  q u e s t i o n ,  t h e  f u n d a m e n ta l  
v i b r a t i o n a l  f r e q u e n c i e s  o f  t r a n s  a n d  c i s  CFClzCFBr (w h ich  
a p p e a r s  t o  be m ost s i m i l a r  t o  t h e  compound# u n d e r  i n v e s t i g a t i o n )
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from  t h e  p a p e r  by Mann^^ e_t a ^ .  a r e  g iv e n  f o r  c o m p a r is o n  a l o n g  
w i t h  t h e  a s s i g n e d  f u n d a m e n ta l s  o f  CFCl:CHBr i n  T a b le  V I ,
The above  a s s ig n m e n t  o f  f u n d a m e n ta l s  can  be t e s t e d  by
oo 34-c e r t a i n  sum r u l e s  p r o p o s e d  by B e r n s t e i n * ^  a n d  M izush im a, 
A c c o rd in g  t o  t h e  f o r m e r ,  t h e  sum o f  i n - p l a n e  a n d  o u t - o f - p l a n e  
fu n d a m e n ta l s  f o r  t h e  tw o m o l e c u l a r  s p e c i e s  m u s t  be  t h e  sam e. 
T h ese  sums a r e  fo u n d  t o  be  1392 cm"^ a n d  1369 cm” ^ f o r  t h e  a "
f u n d a m e n ta l s ,  a n d  9181 cm” ^ a n d  9227 cm” ^ f o r  t h e  a* f u n d a ­
m e n ta l s  o f  I  a n d  I I ,  r e s p e c t i v e l y .  Thus t h i s  sum r u l e  i s  
s a t i s f i e d  f a i r l y  a c c u r a t e l y .
I t  h a s  b e e n  f o r m e r l y  shown by M izush im a^^  t h a t
i s  c o n s t a n t  f o r  r o t a t i o n a l  i s o m e r s  o f  e t h a n e s .  T h is  i s
^  &
d e r i v e d  from  t h e  w e l l  known r e l a t i o n ^ ®  | o r  t h e
c a s e  o f  r o t a t i o n a l  i s o m e r s  h a v in g  f o r c e  c o n s t a n t s  t h a t  a r e  
a p p r o x i m a te ly  t h e  sam e. I t  h a s  b e e n  shown t h a t  t h i s  r u l e
a l s o  h o ld s  w e l l  f o r  t h e  c i s  a n d  t r a n s  i s o m e r s  o f  e t h y l e n e s
( 1 ,2  d i c h l o r o e t h y l e n e  a n d  t h e  d e u t e r a t e d  compounds o f  t h e  
s a m e ) .  In  t h e  p r e s e n t  c a s e ,  t h e  sums o f  t h e  s q u a r e s  o f  t h e  
a s s i g n e d  wave num bers  a r e  17045 x  10^ a n d  17042 x  10^ f o r  
m o le c u le s  I  a n d  I I  r e s p e c t i v e l y .  T h i s  c l o s e  a g re e m e n t  l e n d s  
c o n s i d e r a b l e  s u p p o r t  t o  t h e  a s s i g n m e n t s  m ade,
J .  B e r n s t e i n ,  J .  Chem. P h y s .  2 0 ,  263 ( 1 9 5 2 ) .
3 4 s .  M izushim a e t  £ l , ,  J .  Chem. P h y s .  215 ( 1 9 5 3 ) .
3 3 s .  M izush im a, S t r u c t u r e  o f  M o le c u le s  (A cadem ic 
P r e s s  I n c .  P u b l i s h e r s ,  N, Y , , 1 9 5 4 ) .
36 E. B. W ils o n ,  J .  C. D e c in s  a n d  P .  C. C r o s s ,  M olecu­
l a r  V i b r a t i o n s  (Me G ra w -H il l  Book Co. I n c . ,  N. Y . , 1 9 5 5 ) .
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I t  d o e s  n o t  seem  t o  be  p o s s i b l e  t o  d e f i n i t e l y  
i d e n t i f y  m o le c u le  I  a n d  I I  w i t h  e i t h e r  t h e  c i s  o r  t h e  t r a n s  
fo rm s  a s  d e f i n e d  p r e v i o u s l y .  One d i f f i c u l t y ,  i s  t h a t ,  a s  
h a s  a l r e a d y  b e e n  m e n t io n e d ,  many o f  t h e  b a n d s  o v e r l a p  s o  
t h a t  t h e  c o n t o u r s  a r e  n o t  q u i t e  c l e a r .  H ow ever, t h e r e  a r e  
a few  b a n d s  w i t h  w e l l - d e f i n e d  c o n t o u r s  o f  w h ic h  t h e  one a t  
493 cm-1 i s  c e r t a i n l y  an  a "  b a n d .  T h i s  may be  due t o  t h e  
c i s  fo rm  w h ic h ,  a s  m e n t io n e d  e a r l i e r ,  s h o u l d  h a v e  m ore 
i n t e n s e  z e r o  b r a n c h e s  t h a n  t h o s e  o f  t h e  t r a n s  fo rm .  T h is  
b a n d  h a s  a l r e a d y  b e e n  a s s i g n e d  t o  m o le c u le  I .  T h e r e f o r e  i t  
a p p e a r s  t h a t  m o le c u l e  I  c a n  be  i d e n t i f i e d  w i t h  t h e  c i s  fo rm . 
A g a in ,  f o r  t h e  c i s  i s o m e r ,  t h e  C-F a n d  C-B r s t r e t c h i n g  
m o t io n s  a r e  a p p r o x i m a t e l y  i n  t h e  d i r e c t i o n  o f  t h e  a x i s  o f  
l e a s t  m om ent. The b a n d s  r e p r e s e n t i n g  t h e s e  modes o f  v i b r a ­
t i o n  s h o u ld  be  p a r a l l e l ,  a s  t h e  o b s e r v e d  b a n d s  n e a r  1125 cm"^ 
a n d  801 cm” ^ w h ic h  a r e  a s s i g n e d  a s  f u n d a m e n ta l s  o f  m o le c u le  
I ,  a p p e a r  t o  b e .  T h i s  a s s ig n m e n t  o f  a p a r t i c u l a r  s e t  o f  
b a n d s  t o  one o f  t h e  tw o m o l e c u l a r  s p e c i e s  i n  q u e s t i o n  c a n n o t  
be  t a k e n  a s  c o n c l u s i v e  e v i d e n c e ,  b u t  n e e d s  t o  be  c o n f i r m e d  
by o t h e r  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  f a c t s ,  s u c h  a s  an  
o b s e r v a t i o n  o f  t h e  s p e c t r u m  w i t h  b e t t e r  r e s o l u t i o n  o r  c a l c u ­
l a t i o n  o f  t h e  f u n d a m e n ta l  v i b r a t i o n a l  f r e q u e n c i e s  by  a 
n o rm a l  c o o r d i n a t e  a n a l y s i s .  Though i t  w o u ld  be  d e s i r a b l e  
t o  s e p a r a t e  t h e  tw o m o l e c u l a r  s p e c i e s  t h i s  may b e  v e r y  
d i f f i c u l t ,  f o r  i t  i s  l i k e l y  t h a t  t h e  two fo rm  an  a z e o t r o p i c  
m i x t u r e .
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TABLE I
INFRARED SPECTRAL DATA FOR GASEOUS CFCl:CHBr
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
s
s
719/ s
72 i j  s
a* fu n d a m e n ta l  (3 5 2 )  I , I I
m 
m
vvw 146 4 225 = 371
vvw 546 -  167 = 379
vvw 167 4 225 = 392
vw 753 -  352 ■ 401
vw 759 -  352 -  407
a "  fu n d a m e n ta l  (4 3 4 )  I I
s  
s
vw
w a "  f u n d a m e n ta l  I
vw
vvw 176 4 352 = 528
a ' f u n d a m e n ta l  (5 4 6 )  I I
vw 
vw
vw 225 4 352 = 577
a '  f u n d a m e n ta l  (6 4 7 )  I
m 2 X 352 ■ 704;
272 4 434 = 706; 
167 4 546 = 713
225 4 493 = 718
38
TABLE I — C ontinued
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
1022
1056
1064
1078
1086
1092
v s
v s
v s
m
v s
v s
v s
v s
v s
w
m
m
w
m
m
vw
v s
vs
v s
vs
m
a ” f u n d a m e n ta l  (7 5 3 )  I  
a "  fu n d a m e n ta l  I I
a* f u n d a m e n ta l  (8 0 3 )  I
a '  f u n d a m e n ta l  I I
2 X 434 = 868
167 t  759 = 926
176 4 759 = 935
167 i  803 = 970
434  4 546 = 980 
2 X  493 = 986
272 4 759 = 1031 
a ’ f u n d a m e n ta l  (1 0 6 0 )  I I
a ’ f u n d a m e n ta l  (1 0 8 2 )  I  
272 4 833 = 1105
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TABLE I — C o n t in u e d
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
1122
1131
? v s  
j v s a ’ fu n d a m e n ta l  (1 1 2 7 ) I
1181 s 352  f  833 = 1185
1185 s 434 4 759 = 1193
1210 167 4 1060 = 1227 (F ) 
146 4 1082 = 1228
1217 \ s
1 2 5 0 “
1 2 5 6 ,
' v s  
1 v s
a ’ f u n d a m e n ta l  (1 2 5 0 ) I I
1348 vw 225 4 1127 = 1352
1381 vvw 546 4 833 = 1379
1405'] vw 647 4 753 = 1400
1414 w 352 4 1060 = 1412 
167 4 1250 = 1417
1493 s 434 4 1060 = 1494 
2 X  759 = 1518 
2 X  753 = 1506
c a l6 4 0 s a ’ fu n d a m e n ta l  I I
1650 v s a* fu n d a m e n ta l  I
1748 vw 647 4 1082 = 1729
1778 vw 647 4 1127 = 1774
1784 vw 546 4 1250 = 1796 
146 4 1650 = 1796
1820 w 759 4 1060 = 1819 
753 4  1082 = 1835
1866 vw 753 4 1127 = 1880
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TABLE I — Continued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
1887 vw 833 4 1060 = 1893 
803 4 1082 = 1885 
753 4 1127 = 1880
1938 vvw 803 4 1127 = 1930
1962 vvw
2004 vw 352 4 1650 = 2002 
759 4 1250 = 2009
2051 ] vw
2058 > vw 434 4 1640 = 2074
2060 ) vvvw
2088 w 833 4 1250 = 2083
2146 m 2 X  1082 = 2164
2198 vvvw 1082 4 1127 = 2209
2250 1 m
2 X  1127 = 2254
2 2 6 2 ) m
2309 vvw 1060 4 1250 = 2310
2338 vw
2350 vw
2410 vvvw 753 4 1650 = 2403
2457 w 803 4 1650 = 2453
2500 w 2 X  1250 = 2500
2732 m 1082 4 1650 = 2732
2793 vvw 1127 + 1650 = 2777
2845 vw
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TABLE I — Continued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
2886 vvw 1250 + 1640 = 2890
3101 1 m
3107 y m a* f u n d a m e n ta l  I I
3110 J m
3123 ') vs
a* f u n d a m e n ta l  (3128)  I
3131 j v s
3241 vw 2 X  1640 = 3280
3300 m 2 X  1650 = 3300
3356 vvw 272 4 3107 = 3379
3876 vw 753 4 3128 = 3881
3929 vw 803 4 3128  = 3931 
833 4 3107 = 3940
4237 vw 1127 4 3128  = 4255
4338 vw 1250 4 3107  = 4357
4396 w
4785 vvw 1650 4 3128  = 4778
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TABLE I I
INFRARED SPECTRAL DATA FOR LIQUID CFClîCHBr
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
350 s a '  f u n d a m e n ta l  I ,  I I
365 vw 146 -f 225  = 371
430 m 167 f  272 = 439
435 s a '  f u n d a m e n ta l  I I
489 m a "  f u n d a m e n ta l  I
517 m 167 + 350  = 517
532 m a ” f u n d a m e n ta l  I I
545 m 2 X 272 = 544
588 m 225 + 350  = 575 (F)
595 m 167 4 435 = 602
641 s a* f u n d a m e n ta l  I
680 w 2 X 350  = 700
712 s 225 4 489 = 714 
272 4 435 = 707
746 v s a ” fu n d a m e n ta l  I
755 v s a "  f u n d a m e n ta l  I I
800 vs a ’ f u n d a m e n ta l  I I
829 v s a ’ f u n d a m e n ta l  I
844 m 350 4 489 = 839
861 m 2 X  435 = 870 
225 4 641 = 866
900 s 146 4 746 = 892
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TABLE I I - - C o n t in u e d
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
906 m 167 4 746 = 913 
167 + 755 = 922
949 s 146 4- 800 = 946
970 s 167 4 800 = 967 
435 4 532 = 967 
225 4 746 = 971
991 s 350 4 641 = 991
1020 s 272 4 755 = 1027
1057 v s a ’ fu n d a m e n ta l  I I
1079 v s a ’ f u n d a m e n ta l  I
1120 v s a ’ f u n d a m e n ta l  I
1192 s 435 4 755 = 1190
1211 v s 146 4 1079 = 1225 (F) 
167 4 1057 = 1224
1242 v s a ' f u n d a m e n ta l  IT
1252 v s 435 4 829 = 1264 
146 4 1120 = 1266
1279 m 2 X  641 = 1282
1332 m 272 4 1057 = 1329
1350 w 225 4 1120 = 1345
1402 m 350  4 1057 = 1407
1413 w 176 4 1242 = 1418
1504 w 272 4 1242 = 1514 
2 X  755 = 1510
1597 w 350 4 1242 = 1592
2 X 800 = 1600
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TABLE I I — Continued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
1629 vs a ’ f u n d a m e n ta l  I I
1649 vs a ' f u n d a m e n ta l  I
1730 m 641 f  1079 = 1720
1757 m 641 + 1120 = 1761
1802 m 176 + 1629 = 1805 
755 + 1057 = 1812
1832 s 746 4 1079 = 1825
1858 s 800 + 1079 = 1879
1926 vvvw 800 4 1120 = 1920
2040 vvw 435 4 1629 = 2064
2062 vvw 829 4 1242 = 2071
2085 w 2 X  1057 = 2114
2130 m 489 4 1649 = 2138
2151 vw 2 X  1079 = 2158
2234 m 2 X  1120 = 2240
2452 w 829 4 1629 = 2458
2698 vw 1057 4 1629 = 2686
2716 m 1079 4 1649 = 2728
2780 vvw 1120 4 1649 = 2769 
1242 4 1629 = 2871
3089 s a '  f u n d a m e n ta l  I I
3113 s a* f u n d a m e n ta l  I
3289 m 2 X  1649 = 3298
167 -t 3113 = 3280
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TABLE I I — Continued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
3465 vvw 350 4 3113 = 3463
3730 vvw 641 4 3113 = 3754
3847 m 746 4 3113 = 3859
3913 vvw 800 4 3113 -  3913
4172 vvw 1079 4 3113 = 4192
4284 vvw
4338 vvw 1242 4 3089 = 4331
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TABLE I I I
RAMAN SPECTRAL DATA FOR LIQUID CFClzCHBr
Wave
num ber D e s c r i p t i o n
E x c i t i n g *  
Hg l i n e s I n t e r p r e t a t i o n
146 s  s h a "  fu n d a m e n ta l  I
167 m s h + e a ’ f u n d a m e n ta l  I  I I
176 vw d e a "  fu n d a m e n ta l  I I
225 vw d ± e a '  f u n d a m e n ta l  I
272 v s  s h ± e , f , i a ’ f u n d a m e n ta l  I
354 s  s h ± e , k , i a '  f u n d a m e n ta l  I  I I
365 vvw e 146 -f 225 = 371
395 vvvw e 167 4 225 = 392
430 w e , k 167 4 272 = 439
434 s  s h i  e , k , i a "  f u n d a m e n ta l  I I
490 w s h e , k a "  f u n d a m e n ta l  I
532 m s h e , k a ’ f u n d a m e n ta l  I I
637 m ± e , k 146 4 490 = 636
643 s  s h e , k a ’ f u n d a m e n ta l  I
748 s  s h ±  e , k , i a "  fu n d a m e n ta l  I
759 w e , k a "  fu n d a m e n ta l  I I
766 w e , k 3 54  t  434  = 788 (F )
801 s e , k , i a '  f u n d a m e n ta l  I
831 vvw e , k , i a* fu n d a m e n ta l  I
979 vvw e 2 X 490 = 980
995 vvvw e 3 54  4 643 = 997
c a l0 6 2 vvvw d e a ’ f u n d a m e n ta l  I I
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TABLE I I I — C ontinued
Wave
num ber
E x c i t i n g *  
D e s c r i p t i o n  Hg l i n e s I n t e r p r e t a t i o n
1072 m d e , k 2 X  532 = 1064 (F)
1083 m e , k , i a '  f u n d a m e n ta l  I
1125 vvw e a ' f u n d a m e n ta l  I
1186 vvvw e 434  + 759 = 1193
1213 m e , k , i 146 4 1083 = 1229
1240 vw d e , k a ’ f u n d a m e n ta l  I I
1254 vvw d e 434 -f 831 = 1265 
146 -f 1125 = 1271
1296 vvw e 532 + 7 5 9 -=  1291 
490 -Î 801 = 1291 
2 X  643 = 1286 
167 4 1125 = 1292
1596 vvw e 35 4  4 1240 = 1594
I x f o l  =.  l i o z .
1632 s  s h e , k a* f u n d a m e n ta l  I I
1650 v s e , k a ’ f u n d a m e n ta l  I
1666 m e 2 X  833 = 1666
3092 s e , k , i a ’ f u n d a m e n ta l  I I
3115 s e , k , i a '  f u n d a m e n ta l  I
*d
k = 4047 A;
= 4916 A,
-  = a n t i -
e  = 4358 A, f  = 
•S to k e s  l i n e s ,  4
4347 A, g = 4339 A, 
= S to k e s  l i n e s .
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TABLE IV
FUNDAMENTAL VIBRATIONAL FREQUENCIES OF CFCltCHBr ( I )
( i n  cm -1 )
S p e c i e s I n f r a r e d  
Gas L i q u i d
Raman
L iq u id
A p p ro x im a te
m o tio n
a " 146 s T w is t i n g
a • 167 m s h CFCl r o c k i n g
a ’ 225 vw d CHBr r o c k i n g
a * 352 m 350 s 354  s  s h CFCl d e f o r m a t io n
a " 493 w 489 m 490 w CFCl w ag g in g
a ' 647 s 641 s 643 s  s h CBr s t r e t c h i n g
a " 753 v s 746 v s 748 s CHBr w ag g in g
a ' 803 v s 800 v s 801 s  s h CCI s t r e t c h i n g
a ’ 1082 v s 1079 v s 1083 m CHBr d e f o r m a t io n
a ’ 1127 v s 1120  v s 1125 vvw CF s t r e t c h i n g
a ' 1650 v s 1649 v s 1650 vs C=C s t r e t c h i n g
a ’ 3128 v s 3113 s 3115 s CH s t r e t c h i n g
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TABLE V
FUNDAMENTAL VIBRATIONAL FREQUENCIES OP CFCl:CHBr ( I I )
( i n  cm^)
S p e c i e s I n f r a r e d  
Gas L i q u i d
Raman
L i q u i d
A p p ro x im a te
m o t io n
a ' 167 m s h CFCl r o c k i n g
a " 176 vw d t w i s t i n g
a ' 272 v s  s h CHBr r o c k i n g
a ’ 352 m 350 s 354  s  s h CFCl d e f o r m a t io n
a " 434 s 435 s 434 s CFCl w ag g in g
a * 546 vw 532 m 532 m s h CBr s t r e t c h i n g
a " 759 v s 755 v s 759 w CHBr w agg ing
a * 833 v s 829 v s 831 vvw CCI s t r e t c h i n g
a ’ 1060 v s 1057 v s 1072 m d CHBr d e f o r m a t io n
a ’ 1250 v s 1242 v s 1240 vw d CF s t r e t c h i n g
a ’ 1640 s 1629 v s 1632 s  s h C=C s t r e t c h i n g
a * 3107 m 3089 s 3092 s CH s t r e t c h i n g
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TABLE VI
VIBRATIONAL FUNDAMENTALS OF CIS AND TRANS 
CFCllCFBr a n d  CFCl=CHBr 
( i n  cm -1 )
Mann e t  a l .
a  F
32
H
M
P r e s e n t  work 
CX H \
Wave
number S p e c i e s
Wave
num ber
Wave
num ber S p e c i e s
Wave
number
1727 a ’ 1725 3092 a ’ 3128
1232 a ’ 1248 1640 a ’ 1650
1187 a ’ 1127 1250 a ' 1127
829 a ’ 941 833 a* 803
626 a* 520 546 a ' 647
426 a ’ 417 1060 a ' 1082
345 a * 340 354 a ’ 354
266 a ' 325 272 a ’ 225
165 a ’ 157 167 a * 167
502 a " 507 759 a " 753
351 a " 339 434 a " 493
127 a " 141 176 a " 146
CHAPTER IV 
INFRARED AND RAMAN SPECTRA OF C2H2 FBr 
I n t r o d u c t i o n
The Raman a n d  i n f r a r e d  s p e c t r a  o f  d o u b ly  s u b s t i t u t e d  
e t h y l e n e s ,  e s p e c i a l l y  o f  c i s  a n d  t r a n s  CH Cl:CECI,w ere  e x t e n ­
s i v e l y  i n v e s t i g a t e d  i n  t h e  p a s t . ^  A ls o  s e v e r a l  r e p o r t s  have  
b e e n  p u b l i s h e d  on t h e  Raman a n d  i n f r a r e d  s p e c t r a  o f  v i n y l i d e n e  
c h l o r i d e ,  CH2 :C C l2 . ^ ^ ’^®’^^  E d g e l l ,  R o b e r t s  a n d  Byrd^O h av e  
s t u d i e d  t h e  Raman a n d  m icrow ave  s p e c t r a  o f  v i n y l i d e n e  
f l u o r i d e ,  a n d  N i e l s e n  e t  h av e  made a d e t a i l e d  s t u d y  o f
i t s  i n f r a r e d  a n d  Raman s p e c t r a .  V i n y l i d e n e  b ro m id e  a n d  i t s  
d e u t e r o  d e r i v a t i v e s  w ere  s t u d i e d  by  H e m p tin n e ,  V e lg h e  a n d  
Van R i e t , ^ ^  Norm al c o o r d i n a t e  a n a l y s e s  o f  some o f  t h e s e
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J .  C a b a n n e s ,  J .  Chim. P h y s . ,  9 ( 1 9 3 8 ) .
38 V. M. T a t e v s k i  a n d  A. V. F r o s t ,  V e s t r i k ,  Moscow 
U n i v . ,  No. 3 ,  65 ( 1 9 4 7 ) .
39 P . J o y n e r  a n d  G. G l o c k l e r ,  J .  Chem. P h y s . ,  2 0 ,  302 
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B y rd ,  P h .D . T h e s i s ,  S t a t e  U n i v e r s i t y  o f  Iowa
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compounds a l s o  h av e  b e e n  p u b l i s h e d . T o r k i n g t o n  a n d
Thompson^ hav e  made a p a r t i a l  a n a l y s i s  o f  CBgZCFCl. More
44r e c e n t l y  Mann, A c q u i s t a  a n d  P l y l e r  h av e  g iv e n  a more 
c o m p le te  i n t e r p r e t a t i o n  o f  i t s  i n f r a r e d  s p e c t r u m .  The 
compound CH2 : CFCl i s  v e r y  s i m i l a r  t o  t h e  one w h ich  i s  t h e  
s u b j e c t  o f  t h e  p r e s e n t  s t u d y ,  nam ely  C2H2 F B r.  An a c c o u n t  
o f  t h e  i n f r a r e d  a n d  Raman s p e c t r a  o f  C&HgFBr i s  g iv e n  i n  
t h i s  c h a p t e r .  No s i m i l a r  work h a s  b een  done on t h i s  compound 
p r e v i o u s l y ;  a n d  t h e r e  a r e  no d a ta  e i t h e r  f rom  e l e c t r o n  d i f ­
f r a c t i o n  m e a s u re m e n ts  o r  from  m icrow ave s p e c t r o s c o p i c  s t u d i e s .
The s a m p le  was p r e p a r e d  by  P r o f .  J .  D. P a rk  a t  t h e  
U n i v e r s i t y  o f  C o lo r a d o .  As s t a t e d  by him^ i t  i s  v e r y  u n s t a b l e .  
B e c a u se  o f  i t s  t e n d e n c y  t o  p o ly m erize ^  a s m a l l  am ount o f  
h y d ro q u in o n e  was a d d e d  a s  an  i n h i b i t o r .  When t h e  sam p le  was 
d i s t i l l e d  i t  seem ed  t o  p o ly m e r iz e  u n d e r  t h e  a c t i o n  o f  b e a t  
a n d  l i g h t .  I t  t u r n e d  m i lk y  when t h e  b u lb  was a g i t a t e d  b u t  
became c l e a r  a g a i n  when a l lo w e d  t o  s t a n d .  The s t r u c t u r a l  
f o rm u la  o f  t h e  s a m p le  i s  n o t  known. I n  f a c t  P r o f .  P a rk  d i d  
n o t  c l a i m  more t h a n  i s  e x p r e s s e d  by t h e  fo rm u la  C2H2F B f. I t  
c a n  be a n y  o f  t h r e e  p o s s i b l e  fo rm s shown i n  F i g s .  11 an d  12 
o r  a m i x t u r e  o f  tw o o r  a l l  o f  t h e s e  m o l e c u l a r  s p e c i e s .
du l a b o r a t o i r e  de P h y s iq u e  ( U n i v e r s i t y  de L o u v a in ,  1 9 4 5 ) .  
R e p r i n t e d  from  B u l l e t i n  de 1 ’a c a d é m ie  R o y a le  de B e lg iq u e  
( c l a s s e  de s c i e n c e s )  40 (1 9 4 4 ) .
4 3 p .  T o r k i n g t o n ,  P r o c .  Roy. S o c .  2 0 6 , 17 ( 1 9 5 1 ) .
44 d . e . Mann, N. A c q u i s t a  a n d  E . K. P l y l e r ,  J .  Chem. 
P h y s .  2 3 ,  2122 ( 1 9 5 5 ) .
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c i s  CHF:CHBr
Br t r a n s  CHF:CHBr
F i g ,  1 1 ,  M o le c u la r  C o n f i g u r a t i o n s  o f  CHF:CHBr
oi
H
Br
M
F i g ,  1 2 ,  M o le c u la r  C o n f i g u r a t i o n  o f  CHgZCFBr
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E x p e r i m e n t a l  R e s u l t s  
The i n f r a r e d  a b s o r p t i o n  s p e c t ru m  o f  t h e  g a s  a t  room 
t e m p e r a t u r e  was o b t a i n e d  w i t h  a P e r k in - E lm e r  Model 112 
d o u b l e - p a s s  s p e c t r o m e t e r  i n  t h e  r e g i o n  2 p t o  40 j i .  The 
s p e c t r a  a r e  shown i n  F i g s ,  1 3 - 1 5 .  The wave num bers  o f  t h e  
o b s e r v e d  a b s o r p t i o n  maxima ( o r  i n  some c a s e s  " s h o u l d e r s " )  
a r e  l i s t e d  i n  t h e  f i r s t  co lum n  o f  T a b le  V I I .
The Raman s p e c t ru m  o f  t h e  l i q u i d  c o n t a i n e d  u n d e r  
p r e s s u r e  i n  a s e a l e d  Raman t u b e  was p h o to g r a p h e d  i n  t h e  
u s u a l  way a t  room t e m p e r a t u r e .  The l i q u i d  becam e m i lk y  on 
e x p o s u r e  p r o b a b l y  due t o  p a r t i a l  p o l y m e r i z a t i o n .  H ow ever, 
when i t  was s e t  a s i d e  i t  becam e c l e a r  a g a i n .  I n  o r d e r  t o  
p r e v e n t  p o l y m e r i z a t i o n  t h e  Raman s p e c t r u m  was o b t a i n e d  a t  a 
t e m p e r a t u r e  o f  -7 0 °C  w i t h  t h e  a i d  o f  t h e  a r r a n g e m e n t  d e s c r i b e d  
i n  C h a p te r  I I .  Even s o ,  a f t e r  lo n g  e x p o s u r e  t h e  sam p le  
a p p e a r e d  t o  t u r n  m i lk y ;  t h e r e f o r e  no p o l a r i z a t i o n  m e a su re m e n ts  
w ere  m ade. H ow ever, f a i r l y  c o m p le te  Raman s p e c t r a  w ere  
o b t a i n e d  w i t h  e x p o s u r e s  r a n g i n g  from  15 m i n u t e s  t o  6 h o u r s .
The Raman s p e c t r a l  d a t a  a r e  g iv e n  i n  T a b le  V I I I .
I n t e r p r e t a t i o n  
As h a s  a l r e a d y  b e e n  m e n t io n e d  t h e  s a m p le  C^HgFBr may 
c o n s i s t  o f  an y  one o f  t h e  m o l e c u l a r  s p e c i e s  shown i n  F i g s .
1 1  a n d  1 2  o r  i t  may be a m i x t u r e  o f  two o r  a l l  o f  th e m . A l l  
t h r e e  fo rm s  have  t h e  sym m etry  C g .  The 1 2  n o rm a l  v i b r a t i o n s  
b e l o n g i n g  t o  any  one o f  t h e  t h r e e  m o le c u l e s  t h e r e f o r e  d i v i d e  
i n t o  9 o f  s p e c i e s  a ’ ( i n - p l a n e )  a n d  3 o f  s p e c i e s  a "
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( o u t - o f - p l a n e ) .  The l a t t e r  h av e  ty p e  C c o n t o u r s  i n  t h e  
i n f r a r e d  s p e c t ru m  a n d  t h e  a ' f u n d a m e n ta l  h av e  c o n t o u r s  t h a t  
a r e  h y b r i d s  b e tw e e n  t y p e s  A a n d  B, As i t  i s  n o t  known w h ich  
o f  t h e  m o l e c u l a r  s p e c i e s  i s  p r e s e n t ,  t h e  moments o f  i n e r t i a  
o f  a l l  t h e  t h r e e  p o s s i b l e  s t r u c t u r e s  w ere  c a l c u l a t e d ,  
a s s u m in g  t h e  f o l l o w i n g  a to m ic  d i s t a n c e s  an d  a n g le s^ ®
C=C=1.31 A, C-H =1.08 A, C-F 1 .3 1  A, C-Br 1 .9 0  A, C C -h a lo g e n  
a n g l e  1 2 3 ° .  From t h e  v a l u e s  o f  t h e  moments o f  i n e r t i a ,  t h e  
B adger-Zum w alt^®  p a r a m e t e r s  l i s t e d  b e lo w  f o r  t h e  t h r e e  d i f ­
f e r e n t  m o l e c u l a r  s p e c i e s  w ere  c a l c u l a t e d .  I  r e f e r s  t o  t h e  
fo rm  i n  w h ich  t h e  h y d ro g e n  a tom s a r e  i n  c i s  p o s i t i o n s ,  I I  
r e f e r s  t o  t h e  form  i n  w h ic h  t h e y  a r e  i n  t h e  t r a n s  p o s i t i o n s  
a n d  I I I  t o  t h e  m o l e c u l a r  s p e c i e s  i n  w h ich  t h e  two h y d ro g e n  
a to m s  a r e  a t t a c h e d  t o  t h e  same c a r b o n  a to m .
M o le c u le Moments o f  I n e r t i a Ba dger-Zumwa11 
p a r a m e t e r s
- A B C s  y
I 1 8 8 . 6 2 0 6 . 6 3 9 5 . 2  X  1 0 " ^ ° g c m ^ 0 . 7  0 . 5 7
I I 1 5 . 1 5 1 4 . 0 5 2 9 . 0 0 . 1  3 2 . 0 0
I I I 1 2 3 . 3 2 2 9 . 4 3 5 2 . 7 - 0 . 4 3  1 . 2 0
s= ( 2b - a - c ) / ( a - c ) a n d  ? = ( a - c ) / b  w here a ,  b a n d  c  a r e
t h e  r e c i p r o c a l s  o f  t h e  moments o f  i n e r t i a  A, B a n d  r e s p e c ­
t i v e l y .  (A<B<C) . The a n g l e  t h a t  t h e  a x i s  b e l o n g i n g  t o  t h e  
s m a l l e s t  moment o f  i n e r t i a  m akes w i t h  t h e  C=C bond  i n  form  I
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i s  3 1 0 2 6 * ; i n  fo rm  I I  i t  i s  4 9 0 1 8 ’ a n d  i n  fo rm  I I I  i t  i s  
8 1 O 5 0 '.
F o r  m o le c u le  I I ,  dLt ca n  be  s e e n  from  t h e  c a l c u l a t e d  
p a r a m e t e r s ,  a w ide  e x t r a p o l a t i o n  i s  r e q u i r e d  from  B a d g e r -  
Zumwalt c u r v e s  s o  t h e y  a r e  o f  l i t t l e  v a l u e .  H ow ever, i t  i s  
o b v io u s  t h a t  I I  i s  a lm o s t  a sy m m e tr ic  t o p  w i t h  t h e  a x i s  o f  
sym m etry  i n  t h e  p l a n e  o f  t h e  m o l e c u l e .  T h e r e f o r e ,  t h e  a "  
i n f r a r e d  b a n d s  a r e  a lm o s t  p e r p e n d i c u l a r  a n d  t h e  a* b an d s  
h y b r i d s  b e tw e e n  p a r a l l e l  a n d  p e r p e n d i c u l a r  b a n d s .  Some 
i n f o r m a t i o n  r e g a r d i n g  t h e  c o n t o u r s  c a n  b e  o b t a i n e d  from  t h e  
p a p e r  o f  G e rh a rd  a n d  Dennison^®  m e n t io n e d  i n  t h e  p r e v i o u s  
c h a p t e r .  From a n  e x t r a p o l a t i o n  o f  t h e  c u r v e s  g iv e n  t h e r e i n ,  
t h e  s e p a r a t i o n  o f  t h e  P  a n d  R b r a n c h e s  i s  p r e d i c t e d  t o  be 
a p p r o x i m a te ly  10 cm” ^ .  The p e r p e n d i c u l a r  b a n d s  s h o u ld  be 
b r o a d  w i t h o u t  a n y  d e f i n i t e  PQR s t r u c t u r e  i f  t h e  v a l u e  o f  
i s  g r e a t e r  t h a n  4 , w here  p  = (C /A )-1  = .(B /A ) -1 .  H ow ever, i n  
t h i s  c a s e  t h e  m o le c u le  i s  n e a r l y  l i n e a r  w i t h  p  =35 . I f  i t  
w ere  c o m p le te ly ,  l i n e a r  t h e  p a r a l l e l  b a n d s  w o u ld  hav e  s im p le  
PR b r a n c h e s  a n d  no z e r o  b r a n c h .  I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  
z e r o  b r a n c h  may be  e x p e c t e d  t o  be v e r y  w eak . The p e r p e n d i c u ­
l a r  b a n d s  w i l l  hav e  a b o u t  t h e  same PR s e p a r a t i o n s  a s  t h e  
p a r a l l e l  b a n d s  a n d  w i l l  have  a Q b r a n c h .
From an  e x t r a p o l a t i o n  o f  B ad g e r  a n d  Zumwalt c u r v e s  
t h e  PR s e p a r a t i o n s  o f  t h e  A a n d  C ty p e  b an d s  o f  s p e c i e s  I  a r e  
fo u n d  t o  be  18 a n d  24 cm“ ^ r e s p e c t i v e l y ,  a n d  t h e  QQ s e p a r a ­
t i o n s  f o r  t y p e  B b a n d s  a r e  4 cm "^. However, s p e c i e s  I  can
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a l s o  b e  r e g a r d e d  a s  a n e a r l y  s y m m e tr ic  t o p  w i t h  t h e  a x i s  o f  
l a r g e s t  moment o f  i n e r t i a  b e i n g  t h e  a p p r o x im a te  sym m etry  
a x i s  o f  t h e  m o l e c u l e .  From t h i s  p o i n t  o f  v ie w  t h e  a*' b a n d s  
w i l l  be  n e a r l y  p a r a l l e l  a n d  t h e  a* b a n d s  n e a r l y  p e r p e n d i c u ­
l a r .  From t h e  p a p e r  o f  G e r h a rd  a n d  D e n n iso n  i t  i s  s e e n  t h a t  
t h e  p a r a l l e l  b a n d s  h av e  an  i n t e n s e  z e r o  b r a n c h ,  t h e  i n t e n s i t y  
o f  w h ich  i s  h a l f  t h e  i n t e n s i t y  o f  t h e  w h o le  b a n d ;  s i n c e  t h e  
QQ s e p a r a t i o n s  a r e  e x t r e m e l y  s m a l l  i t  a p p e a r s  l i k e  a s i n g l e  
b r a n c h .  The p e r p e n d i c u l a r  b a n d s  a l s o  h a v e  a z e r o  b r a n c h  a n d  
h av e  a s e p a r a t i o n  a p p r o x i m a t e l y  e q u a l  t o  13 cm“ ^ .
F o r  t h e  m o l e c u l a r  s p e c i e s  I I I  t h e  B ad g e r-Z u m w alt
p a r a m e t e r s  a r e  w e l l  w i t h i n  t h e  l i m i t s  f o r  w h ic h  t h e  c u r v e s
a r e  g i v e n .  T h e r e f o r e  t h e  s e p a r a t i o n s  o f  t h e  PR b r a n c h e s  a n d
QQ b r a n c h e s  a r e  o b t a i n e d  w i t h o u t  an y  e x t r a p o l a t i o n .  The PR
-1s e p a r a t i o n s  a r e  fo u n d  a s  16 a n d  12 cm r e s p e c t i v e l y  f o r  t h e  
A a n d  C ty p e  b a n d s  a n d  t h e  QQ s e p a r a t i o n s  a s  10 cm“ ^ f o r  t h e  
t y p e  B b a n d s .
The o b s e r v e d  s e p a r a t i o n s  f o r  some o f  t h e  b a n d s ,  w h ic h  
a p p e a r  t o  be o f  t y p e  C, seem  t o  i n d i c a t e  t h a t  t h e y  b e lo n g  t o  
I .  On t h e  o t h e r  h a n d ,  t h e  QQ s e p a r a t i o n s  o f  w ha t a p p e a r  t o  
be  t y p e  B b a n d s  i n d i c a t e  t h a t  t h e y  b e lo n g  t o  I I I .  A l th o u g h  
t h e  a ” b an d s  o f  I  seem  t o  h av e  t h e  c o n t o u r s  p r e d i c t e d  by t h e  
G e rh a rd  a n d  D e n n iso n  c u r v e s  t h e  f a c t  t h a t  t h e  a ’ b a n d s  a l s o  
m u st have  z e r o  b r a n c h e s  seem s t o  r u l e  o u t  t h e  p o s s i b i l i t y  
t h a t  s p e c i e s  I  i s  t h e  com ponent r e s p o n s i b l e  f o r  m ost o f  t h e  
i n t e n s e  o b s e r v e d  b a n d s .
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The a b u n d a n c e  o f  h a n d s  i n  b o t h  t h e  i n f r a r e d  a n d  Raman 
s p e c t r a  i n d i c a t e s  t h a t  t h e r e  i s  more t h a n  one t y p e  o f  
m o le c u le  p r e s e n t .  One m ig h t  assum e t h a t  t h e  s a m p le  i s  a 
m i x t u r e  o f  t h e  c i s  a n d  t r a n s  fo rm s  o f  CHF:CHBr, H ow ever, 
c e r t a i n  s p e c t r a l  f e a t u r e s ,  d e s c r i b e d  i n  t h e  f o l l o w i n g  p a r a ­
g r a p h s ,  show t h a t  t h e  m o st a b u n d a n t  m o l e c u l a r  s p e c i e s  p r e s e n t  
i n  t h e  sa m p le  i s  p r o b a b l y  H2C :C FBr. The o b s e r v e d  b a n d s  w h ich  
c a n n o t  b e  a s c r i b e d  t o  I I I  may be  due t o  one o f  t h e  o t h e r  
m o l e c u l a r  s p e c i e s  o r  t o  d im e rs  o r  p o ly m e rs  o f  CBgZCFBr p r e s e n t  
a s  i m p u r i t i e s .
I n  t h e  Raman s p e c t ru m  o f  t h e  l i q u i d  t h e r e  a r e  two 
b a n d s  a t  2992  cm“ ^ a n d  3143 cm“ ^ o f  medium i n t e n s i t y ,  a n d  i n  
t h e  i n f r a r e d  s p e c t r u m  two b a n d s  a r e  fo u n d  a t  3060  cm” a n d  
3109 cm“ ^ .  T h e se  a r e  u n d o u b te d ly  c a u s e d  by t h e  m o st  a b u n d a n t  
m o l e c u l a r  s p e c i e s  p r e s e n t  i n  t h e  sam p le  a n d  may be  a s s i g n e d  • .
a s a f u n d a m e n t a l s  a s s o c i a t e d  w i t h  C-H s t r e t c h i n g .  The Raman .
*1 • » 
b a n d  a t  3143 cm” -*- i s  s o  c l o s e  t o  t h e  m e rc u ry  l i n e  o f  w ave­
l e n g t h  5026 A t h a t  a n  a c c u r a t e  d e t e r m i n a t i o n  o f  i t s  f r e q u e n c y  
i s  n o t  p o s s i b l e .
The v e r y  i n t e n s e  Raman a n d  i n f r a r e d  b a n d s  a t  1640 cm"^ 
o b v i o u s l y  r e p r e s e n t  an  a * f u n d a m e n ta l  a s s o c i a t e d  w i t h  C=C 
s t r e t c h i n g .
In  t h e  Raman s p e c t ru m  an  i n t e n s e  b a n d  i s  o b s e r v e d  a t  
1367 cm” l .  The c o r r e s p o n d i n g  i n f r a r e d  b a n d  i s  n o t  v e r y  
s t r o n g .  T h e se  b a n d s  a r e  a s s i g n e d  a s  an  a* f u n d a m e n t a l .  I f  
t h i s  f u n d a m e n ta l  w ere  a s c r i b e d  t o  m o le c u le  I  o r  I I ,  i t  s h o u l d
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b e  a s s o c i a t e d  l a r g e l y  w i t h  C-F s t r e t c h i n g  o r  C-H b e n d in g  o r  
w i t h  a  m i x t u r e  o f  t h e s e  tw o m o t i o n s .  H ow ever, b e c a u s e  o f  
i t s  h ig h  i n t e n s i t y  a n d  s h a r p n e s s  i n  t h e  Raman s p e c t r u m  i t  
c a n  h a r d l y  be  a s c r i b e d  t o  C-F s t r e t c h i n g ;  m o re o v e r  i t s  
f r e q u e n c y  i s  r a t h e r  t o o  h i g h  f o r  i t  t o  be  a s s o c i a t e d  w i t h  
C-H b e n d in g  i n  a m o le c u le  i n  w h ic h  one o f  t h e  h y d ro g e n s  i n  a 
m e th y le n e  g ro u p  i s  s u b s t i t u t e d  by  e i t h e r  f l u o r i n e  o r  b ro m in e .  
On t h e  o t h e r  h a n d ,  i t  c a n  be  r e a d i l y  e x p l a i n e d  a s  t h e  CH2 
p l a n a r  d e f o r m a t i o n  mode o f  CHgZCFBr. I n  f a c t ^ i t s  wave 
num ber i s  i n  a c c o r d  w i t h  t h o s e  o f  s i m i l a r  f u n d a m e n ta l s  i n  
r e l a t e d  m o le c u le s  s u c h  a s  CHgiCFg, CHg:CCl2 /  CH2 :CBr2 , e t c .  
T h e se  f u n d a m e n ta l s  a r e  o b s e r v e d  i n  t h e  r e g i o n  from  1379 t o  
1414 cm "l a n d  t h e i r  wave num bers  a r e  in d e p e n d e n t  o f  t h e  a tom s 
i n  t h e  o t h e r  e n d  g r o u p .  Hence t h e  p r e s e n c e  o f  t h i s  s t r o n g  
b a n d  a t  1367 cm” ^ i n d i c a t e s  t h a t  t h e  p r i n c i p a l  com ponent i n  
t h e  s a m p le ,  w h ic h  i s  r e s p o n s i b l e  f o r  m o st o f  t h e  i n t e n s e  
b a n d s ,  i s  H^CzCFBr,
Two a ' f u n d a m e n ta l s  a r e  e x p e c t e d  t o  b e  i n  t h e  r e g i o n  
b e tw e e n  1254 cm“ ^ a n d  900 cra” ^ ,  one i n v o l v i n g  l a r g e l y  C-F 
s t r e t c h i n g  a n d  t h e  o t h e r  C-H b e n d i n g .  The fo rm e r  s h o u ld  be 
weak a n d  d i f f u s e  i n  t h e  Raman s p e c t r u m ,  b u t  s t r o n g  i n  t h e  
i n f r a r e d  s p e c t r u m .  A c t u a l l y ,  t h e r e  i s  a s t r o n g  i n f r a r e d  
b a n d  a t  1164 cm“ ^ .  The c o r r e s p o n d i n g  Raman b an d  o c c u r s  n e a r  
1150 cm” ^ a n d  i s  v e r y  weak a n d  d i f f u s e .  The a p p a r e n t  l a r g e  
f r e q u e n c y  s h i f t  may be  due i n  p a r t  t o  t h e  f a c t  t h a t  t h e  wave 
num ber o f  t h e  Raman b a n d  c o u l d  n o t  be  d e t e r m in e d  v e r y
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a c c u r a t e l y .  T h e se  b a n d s  a r e  a s s i g n e d  a s  an  a ’ f u n d a m e n ta l .
The weak Raman b a n d  a t  944 cm"^ a n d  t h e  r a t h e r  
i n t e n s e  i n f r a r e d  b an d  a t  945 cm“ ^ a r e  a s s i g n e d  a s  an  a* 
f u n d a m e n ta l  i n v o l v i n g  m a in ly  CH b e n d i n g .
The s t r o n g  i n f r a r e d  b an d  a t  839 cm” ^ h a s  d e f i n i t e l y  
t y p e  0 c o n t o u r .  The s e p a r a t i o n  o f  P a n d  R b r a n c h e s  h a s  
a p p r o x i m a te ly  t h e  p r e d i c t e d  v a l u e .  T h i s  b an d  i s  u n d o u b te d ly  
t h e  h i g h e s t  a "  f u n d a m e n ta l ,  t h e  m o t io n  i n v o l v e d  b e i n g  e s s e n ­
t i a l l y  CH2 w a g g in g .  I t  o c c u r s  a t  845 cm” ^ i n  t h e  Raman 
s p e c t ru m  a n d  i s  v e r y  weak a n d  d i f f u s e .  The two o t h e r  a "  
f u n d a m e n ta l s  m ust e v i d e n t l y  be i d e n t i f i e d  w i t h  t h e  i n f r a r e d  
b a n d s  a t  729 cm“ ^ a n d  416 cm“ ^ ,  b o t h  o f  w h ic h  h av e  ty p e  C 
c o n t o u r s .  The s e p a r a t i o n s  b e tw e e n  t h e  PR b r a n c h e s  seem t o  
be som ew hat h i g h e r  t h a n  t h e  c a l c u l a t e d  v a l u e s .  T h i s  i s  
p r o b a b l y  n o t  s i g n i f i c a n t ,  s i n c e  i t  i s  h a r d  t o  f i x  a c c u r a t e l y  
t h e  maxima o f  t h e  P an d  R b r a n c h e s .  T h e se  f u n d a m e n ta l s  
o c c u r  i n  t h e  Raman s p e c t ru m  a s  v e r y  weak a n d  d i f f u s e  b a n d s  
a t  717 cm "l a n d  421 cm "^. T h e se  f u n d a m e n ta l s  a r e  p r o b a b l y  
a s s o c i a t e d  w i t h  t w i s t i n g  an d  CFBr w a g g in g .  The f u n d a m e n ta l s  
o f  wave num bers  839 an d  729 o c c u r  i n  t h e  g e n e r a l  r e g i o n  w here  
s u c h  v i b r a t i o n s  a r e  o b s e r v e d  i n  s i m i l a r  m o le c u le s  p r e v i o u s l y  
s t u d i e d  by o t h e r  w o r k e r s ,  a s  shown i n  T a b le  X.
The i n t e n s e  i n f r a r e d  b a n d s  a t  61 4 , 476 an d  363 cm"^ 
a n d  t h e  c o r r e s p o n d i n g  Raman b a n d s  a t  6 1 4 ,  475 a n d  365 cm“ ^ 
u n d o u b te d ly  r e p r e s e n t  t h e  r e m a i n in g  a '  f u n d a m e n t a l s .  The 
Raman b an d  a t  614 cm“ ^ i s  s t r o n g  a n d  t h e  o t h e r  two a r e  w eak .
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They i n v o l v e  C-Br s t r e t c h i n g ,  CFBr d e f o r m a t io n  and  p l a n a r  
r o c k i n g ,  r e s p e c t i v e l y .  The d e f o r m a t io n  and  r o c k i n g  m o t io n s  
a r e  p r o b a b l y  g r e a t l y  m ix e d .  The f u n d a m e n ta l s  a s s i g n e d  t o  
CH^iCFBr a r e  l i s t e d  i n  T a b le  IX .
D i s c u s s i o n
A lth o u g h  m o st o f  t h e  b a n d s  a r e  p r o b a b l y  due t o  
CHgZCFBr t h e  a s s ig n m e n t  c a n n o t  be t a k e n  a s  c o n c l u s i v e  w i t h ­
o u t  f u r t h e r  c o n f i r m a t i o n  by a c l a c u l a t i o n  o f  t h e  f u n d a m e n ta l  
v i b r a t i o n a l  f r e q u e n c i e s  an d  an  o b s e r v a t i o n  o f  t h e  s p e c t ru m  
w i t h  b e t t e r  r e s o l u t i o n .  Some o f  t h e  u n c e r t a i n t i e s  w h ich  
o c c u r  from  t h e  s h a p e  o f  t h e  c o n t o u r s  h av e  b e e n  m e n t io n e d  
e a r l i e r .  I t  h a s  a l s o  b een  i n d i c a t e d  t h a t  t h e  a b u n d a n c e  o f  
b a n d s  shows t h e  p r e s e n c e  o f  more t h a n  one i s o m e r i c  form  i n  
t h e  s a m p le .
On t h e  b a s i s  o f  t h e  a s s i g n e d  f u n d a m e n ta l s  a n  a t t e m p t  
h a s  b e e n  made t o  e x p l a i n  t h e  o b s e rv e d  b a n d s  i n  i n f r a r e d  and  
Raman s p e c t r a . Though i t  h a s  b e e n  p o s s i b l e  t o  i n t e r p r e t  m ost 
o f  t h e  o b s e r v e d  b a n d s  t h e r e  a r e  a few t h a t  c a n n o t  be e x p l a i n e d  
a s  b i n a r y  c o m b in a t io n s  o f  t h e  f u n d a m e n t a l s .  T h e i r  r a t h e r  h ig n  
i n t e n s i t y  l e a d s  one t o  s u s p e c t  t h a t  t h e y  may be due t o  a 
s e c o n d  m o l e c u l a r  s p e c i e s ,  p r o b a b l y  o f  t h e  ty p e  CHF:CHBr.
T h e se  b a n d s  a r e  i n d i c a t e d  i n  T a b le s  V I I  and  V I I I  w i t h  s u p e r ­
s c r i p t  ' a . '  T h u s ,  t h e  i n f r a r e d  b a n d s  a t  3 2 5 ,  564 an d  1036 
cm "! seem t o  be f u n d a m e n ta l s  o f  s u c h  a s e c o n d  m o l e c u l a r  s p e c i e s ,  
T h ese  b a n d s  h ave  f a i r l y  h ig h  i n t e n s i t i e s  and  c o u ld  p o s s i b l y  be 
a s c r i b e d  t o  t h e  m a jo r  c o m p o n en t .  I f  t h i s  w ere  d o n e .
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t h e  i n f r a r e d  b a n d s  a t  3 6 5 ,  614 a n d  946 cm~^ w ou ld  h av e  t o  be 
a s c r i b e d  t o  t h e  m in o r  c o n s t i t u e n t .  H ere  a c a l c u l a t i o n  o f  
t h e  f u n d a m e n ta l  v i b r a t i o n a l  f r e q u e n c i e s  may be o f  g r e a t  
h e l p .
F o r  t h e  s a k e  o f  c o m p a r is o n  t h e  a s s i g n e d  fu n d a m e n ta l s  
o f  CH^zCFBr a r e  l i s t e d  i n  T a b le  X a lo n g  w i t h  t h e  v i b r a t i o n a l  
f u n d a m e n ta l s  o f  m o le c u le s  o f  t y p e  CH2 : CXY ( w i th  X same a s  Y 
a n d  d i f f e r e n t  from  Y) a s s i g n e d  by p r e v i o u s  i n v e s t i g a t o r s . " ^ ^
W ave Numbers In cm -'
7 0 0 6 0 06 0 0 4 0 0 3 5 0
100
*\ ^— 
\5 0 m80
,120 f »m60
40
20
c
I
Ë 1814 15 17 19 2 0 ,  ,  21 , 2 2 .  2 3
W ave Length in Microns
W ave Numbers in cm -'
16 2 4 2 5 2 6 2 92 7 2 8
o 100
eo
GO
40
20
2 9 3 0 3 2 3 3 3 4  3 5  ,
W ave Length in Microns
Cg Hg F Br
souscf AND putirr
J -D  P A R  K
STATE GAS
TIMPIEATUEE 2 7 *  C 
CELL lEHOTK | m
Cs Br
lA tO E A T O R V
UNIVERSITY OF 
OKLAHOMA
Oi
F ig ,  1 3 , In fr a r e d  Spectrum o f  G aseous C^HgFBr (CsBr R e g io n ) ,
W ave Numbers In cm-*2Q002500 1500 1400 1300 12005000 4000 aopo 1100
100
80
/W
60
40
20
g
1
E 2.0 2.6 3.0 3.6 4.0 4.6 5.0 6.6 6.0 
W ave Length in Microns
W ave Numbers in cm**
6.6 7.0 7.6 6.0 6.6 9.0 9.62
11,00 1000 800
§ too I mm<£ '5 mm
lOmm60
60
/ V  /
40
20
\y
10.09.0 9.6 10.6 11.0 11.6 » 12.6 
W ave Length in Microns
13.0 13.6 14.0 14.6 16.012.0
sTATi g a s
TIMriRATURI 2 7 " C  
CIU IINOTH I m
NaCI
COMPOUND
CgHgFBr
l ô U f t i l  A t o  PURITY
J-D 'PARK
 UIÔUTÔIV------
UNIVERSITY OF 
OKLAHOMA
CiCJl
F i g ,  1 4 ,  I n f r a r e d  S p e c tru m  o f  G a se o u s  C2H2 FBr (NaCI R e g i o n ) ,
W ave Numbers in cm -'
7 0 0 0  lOOi-l— 4 0 0 05 0 0 0 2 5 0 0 2000
.••vv
80
60
40
20
ISO mmco
I 1-5 2-0 2 5 3 0 I 3-0
W ave Length in Microns
W ove Numbers in cm -'
4 -0 4 -5 S -0
1 900 ispo
80
60
40
20
SO 6 0 6-5
W ave Length in Microns
COMPOUND
CgHgFBr
lOUSCI AND P U S Iir
J D - P A R K
STATI GAS
TIMPIIATUII 2 7 * 0  
CIU IINOTH I m
LiF
IÀIOIATOIT
UNIVERSITY OF 
OKLAHOMA
G)0)
F ig ,  1 5 , In fr a r e d  Spectrum o f  G aseous CgHgFBr (L iF  R egion)
67
TABLE VII
INFRABED SPECTRAL DATA FOR GASEOUS C2H2FBr
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
w
t*.
w ^ f u n d a m e n ta l
w
m
m a '  f u n d a m e n ta l
m
m • .
m ■ a "  f u n d a m e n ta l
m
s
s  ' . a ' f u n d a m e n ta l
s
® f  , et
f u n d a m e n ta l
s
s
s  a* f u n d a m e n ta l
s
w
s  2 X 363 = 726  (F)
s
v s  a "  fu n d a m e n ta l
s
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TABLE V II— C ontinued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
m
s
vs
v s
v s
s
v s
v s
v s
v s
v s
v s
v s
v s
v s
v s
v s
s
v s
v s
v s
s
s
363 + 416 = 77a
a "  fu n d a m e n ta l
416 f  475 -  891 
a ’ f u n d a m e n ta l  (9 4 5 )
f u n d a m e n ta l  (1 0 4 3 )
416 + 729 ^ 1145 (F )
a * fu n d a m e n ta l
2 X 614  = 1228 
416 i  839 = 1255
475 + 841 = 1316 
a ’ f u n d a m e n ta l  (1367)
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TABLE V II— C ontinued
Wave
number D e s c r i p t i o n I n t e r p r é t â t i o n
1446
1455
1478
1494
1554
1572
1632]
1648
1676
1699,
1712
1734
1773
1788
1872
1889
1899,
1960j
1968
1975
1991
2004
2015
vvw
vvw
w
w
v s
v s
vs
v s
m
m
w
w
m
m
s
s
s
w
w
w
m
m
m
614 + 839 = 1453 
2 X 729 = 1458
325 + 1164 = 1489
614 4 946 = 1560 
729 4 839 = 1568
a ' f u n d a m e n ta l
2 X  839 = 1678 (F)
363 4 1367 = 1730 
416 4 1367 = 1783 
841 4 946 = 1787 
2 X  946 = 1892 
729 4 1164 = 1893
325 4 1640 = 1965
614 4 1367 = 1981
363 4 1640 = 2003 
841 4 1164 = 2005
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TABLE V II— C ontinued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
2093
2119.
2210
2217
2255
2263
2270
2322
2331
2339
2357
2402
2437
2484 ,
2525
2539
2584
2597
2681
2695
2735
2756
s
s
w
w
m
m
m
s
s
s
s
vw
w
vvw
w
w
s
s
w
w
vw
VM/
729 4 1367 = 2096 
946 4 1164 = 2110 
475 + 1640 = 2206
839 4 1367 = 2206
614 4 1640 = 2254
946 4 1367 = 2313 
2 X 1164 = 2328
729 4 1640 = 2369 
1043 4 1367 = 2410
839 4 1640 = 2479
1164 4 1367 = 2531
946 4 1640 = 2688 
1042 4 1640 = 2 8 6 ^
2 X  1367 = 2734
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TABLE V II— Continued
Wave
'
n u m b e r , D e s c r i p t i o n I n t e r p r e t a t i o n
2805 
2 8 1 5 J  
2851 
2869 
2945 
2994 
3008 
3042 
3056 
3074  
3107  
3109 
3 1 2 3 /  
3145 
3159 
3 2 7 l )  
3283 ;  
3316 
3331 
3377 
3398 
3407 
3476
s
s
w
w
vw
w
m
s
s
s
s
s
s
w
w
m
m
m
m
w
w
vw
vw
1164 + 1640 = 2804
1367 + 1 4 4 4  = 3007
a ’ fu n d a m e n ta l
a ’ f u n d a m e n ta l
■ fu n d a m e n ta l
2 X  1640 = 3280
363 t  3060  = 3423 
416 + 3060  = 3476
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TABLE V II— C ontinued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
3600 vvw
3690 w 614 t  3110  = 3724
3710 w
3 900 vvw 841 + 3060 = 3901
4005 w 946 i  3060 = 400£
4100 w
4223 m 1164 + 3060 = 4224
4441 w 1367 + 3060  = 4427
4513 m
4562 w
4693 vvw 1640 + 3060  = 4700
4755 vvw 1640 + 3110  = 4750
a B ands a s s i g n e d  t o  t h e  l e s s  a b u n d a n t  m o l e c u l a r
s p e c i e s .
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TABLE V I I I  
RAMAN SPECTRAL DATA FOR LIQUID C2H2FBr
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
324 m s h " fu n d a m e n ta l® '
365 m s h a ’ f u n d a m e n ta l
421 vvw a "  fu n d a m e n ta l
475 vw d a ’ f u n d a m e n ta l
ca5 2 2 vvw d
562 vvw d
. .Ou 
^ fu n d a m e n ta l
614 s  s h a* fu n d a m e n ta l
ca7 1 7 vvw a "  f u n d a m e n ta l
744 vvw
845 w d a ” fu n d a m e n ta l
931 vw d 365 -f 562 = 927
944 vw d a ’ f u n d a m e n ta l
1032 vw d ■ fu n dam en ta l*"
1150 vvw d a ' f u n d a m e n ta l
1185 vvw d
1208 vvw 365 i  841 = 1206
1296 vvw
1316 vvw 475 f  845 = 1320
1367 s  s h a ’ f u n d a m e n ta l
1640 s  s h a ’ f u n d a m e n ta l
2995 w a ’ f u n d a m e n ta l
3140 m d a ’ f u n d a m e n ta l
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TABLE IX :
FUNDAMENTAL VIBRATIONAL FREQUENCIES OF CHo’-CFBr
( i n  c m " l)
S p e c i e s
I n f r a r e d
g a s
D e s c r i p ­
t i o n
Raman
L i q u i d
D e s c r i p ­
t i o n
A p p ro x im a te
m o t io n
a * 363 IQ 365 m s h CFBr r o c k i n g
a " 416 m 421 vvw CFBr d e f o r m a t i o n
a * 476 s 475 vw d . CFBr b e n d in g
a * 614 s 614 s  s h CBr s t r e t c h i n g
a ” 729 v s 717 vvw t w i s t i n g
a " 839 v s 845 w d CH2 d e f o r m a t io n
a ' 945 v s 944 vw d CH2 r o c k i n g
a ’ 1164 v s 1150 vvw d CF s t r e t c h i n g
a ' 1367 s 1367 s  s h CH2 b e n d in g
a ’ 1640 v s 1640 s  s h C=C s t r e t c h i n g
a ’ 3056 s 2995 w CH s t r e t c h i n g
a ’ 3109 s 3140 m d CH s t r e t c h i n g
TABLE X
FUNDAMENTAL VIBRATIONAL FREQUENCIES FOR MOLECULES OF TYPE CH2 =CXY ( i n  cm "^)
S p e c i e s  
& mode
CHg• CFg CHgZCClg CH2:CBr2 CH2:CFC1 S p e c i e s  
& mode
CH2:CFBr
bj^CVCH) 310 0 313 0 3108 3069 a '(P C H ) 3109
a^(i>CH) 3 058 3035 3023 3016 a '  (;»CH) 3056
(t?CC) 1728 1620 1593 1656 a ' ( ^ C C ) 1640
a i(S C H g ) 1414 1391 1379 1383 ^ '(S C H g ) 1367
b ^C ^) 1 3 0 2 (C -F ) 7 9 4 (  CCI) 6 9 6 (  CBr) 1186 a ’ (yCF) 1164
b iC fC H g) 955 1094 1065 947 a '( ? C H 2 ) 945
a i t P ) 9 2 6 (C -F ) 6 0 5 (  CCI) 4 6 7 (  CBr) 6 9 9 (CCI) a ' ( 9 ) 6 1 4 (  CBr)
a^CS) 550 (CFg) 2 9 9 (  CCI2 ) 1 8 4 (  CBr2) 432(CFC1) a ' ( 8 ) 4 7 5 (  CFBr)
b l ( ? ) 4 38 (C F g ) 3 7 5 (  CCI2 ) 3 2 2 (  CBr2) 37 K C F C 1 ) a ' ( 9 ) 3 6 5 (  CFBr)
bgCpCHg) 803 8 7 2 (  CH2 ) 886 836 a"(pC H 2) 841
^2 714 686C%) 668 ("&) 607 a " ( ‘Ch 729 ( r )
t»2 (p ) 611(C F g) 4 5 8 (  CCI2 ) 4 0 5 (C B r2 ) 515(CFC1) a " ( p ) 4 1 6 (  CFBr)
Ü1
CHAPTER V
INFRARED AND RAMAN SPECTRA OF CF2Br-CHBr2
As m e n t io n e d  i n  c h a p t e r  I ,  t h e  v i b r a t i o n a l  s p e c t r a  
o f  a  num ber o f  s u b s t i t u t e d  e t h a n e s  o f  t h e  fo rm  CX2Y-CX&Y' 
h av e  b e e n  s t u d i e d  i n  t h e  p a s t .  The compound CF2 Br-CHBr2 was 
f i r s t  s y n t h e s i z e d  many y e a r s  ag o  by  S w a r ts .^ ®  H ow ever, i t s  
i n f r a r e d  a n d  Raman s p e c t r a  h av e  n o t  b e e n  i n v e s t i g a t e d  
p r e v i o u s l y .  L i k e w is e ,  no s t u d y  o f  t h e  r o t a t i o n a l  s p e c t ru m  
o f  t h i s  compound by  m ic ro w av e  s p e c t r o s c o p y  h a s  b e e n  r e p o r t e d  
a n d  no  s t r u c t u r e  d e t e r m i n a t i o n  h a s  b e e n  made by e l e c t r o n  
d i f f r a c t i o n .
A d e t a i l e d  a c c o u n t  o f  t h e  i n f r a r e d  a n d  Raman s p e c t r a  
o f  CF2Br-CHBr2 i s  g iv e n  i n  t h e  p r e s e n t  c h a p t e r .
E x p e r im e n ta l
The sa m p le  (bp  1 430-145°C  a t  750 mm p r e s s u r e )  was 
p r e p a r e d  i n  t h e  l a b o r a t o r y  o f  P r o f .  A. L . Henne a t  O hio S t a t e  
U n i v e r s i t y .  The s p e c t r a  i n d i c a t e  t h a t  i t  i s  o f  a h ig h  d e g re e  
o f  p u r i t y .
The i n f r a r e d  a b s o r p t i o n  s p e c t ru m  o f  t h e  g a s  a t  room 
t e m p e r a t u r e  i n  t h e  r e g i o n  2 t o  35 ^  was o b t a i n e d  w i t h  a
S w a r t s ,  B u l l .  A cad . Roy. B e lg .  5 6 3 .
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P e r k in - E lm e r  Model 112 d o u b l e - p a s s  s p e c t r o m e t e r  e q u ip p e d  
w i t h  C sB r, N aC l, a n d  L iF  p r i s m s  a n d  a  1-m c e l l .  The o b s e r v e d  
s p e c t ru m  i s  n o t  v e r y  r i c h  i n  b a n d s  b e c a u s e  o f  t h e  low  v a p o r  
p r e s s u r e  o f  t h e  s a m p le .  The i n f r a r e d  s p e c t r u m  o f  t h e  g a s  a t  
d i f f e r e n t  t e m p e r a t u r e s  from  room t e m p e r a t u r e  up  t o  ISO^C was 
a l s o  o b t a i n e d .  H ow ever, when t h e  sam p le  was h e a t e d  b ey o n d  
150°C d e c o m p o s i t io n  o c c u u e d ,  a n d  b a n d s  b e l o n g i n g  t o  CF2 îC B r2 
an d  CF2 : CHBr a p p e a r e d .
The i n f r a r e d  s p e c t ru m  o f  t h e  l i q u i d  a t  room te m p e r a ­
t u r e ,  i n  t h e  r e g i o n  2 t o  26 ^  was o b t a i n e d  w i t h  t h e  c e l l s  
d e s c r i b e d  i n  C h a p te r  I I ,  The f r e q u e n c i e s  o f  t h e  b a n d s  c o i n ­
c i d e  v e r y  w e l l  w i t h  t h o s e  o b t a i n e d  from  t h e  Raman s p e c t r u m .
In  o r d e r  t o  s t u d y  t h e  v a r i a t i o n  o f  t h e  i n t e n s i t i e s  o f  t h e  
b a n d s ,  w i t h  t e m p e r a tu r e ^ w h ic h  m ig h t  be due t o  r o t a t i o n a l  
i s o m e r i s m ,  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  l i q u i d  i n  t h e  L iF  
r e g i o n  was r e c o r d e d  a t  d i f f e r e n t  t e m p e r a t u r e s .  P a r t i c u l a r  
a t t e n t i o n  Was g ivenlo tfctC -H  s t r e t c h i n g  f r e q u e n c i e s .
The i n f r a r e d  s p e c t ru m  o f  t h e  s o l i d  a t  -1 8 0 °C  was 
o b t a i n e d  w i t h  t h e  a i d  o f  t h e  low  t e m p e r a t u r e  c e l l  d e s c r i b e d  
i n  C h a p te r  I I ,
The i n f r a r e d  s p e c t r a  a r e  shown i n  F i g s ,  1 7 -2 1  a n d  
t h e  wave n um bers  o f  t h e  b a n d s  a r e  l i s t e d  i n  T a b le s  X I - X I I I ,  
The i n f r a r e d  s p e c t r a  o f  t h e  compound i n  t h e  l i q u i d  
s t a t e  a n d  i n  s o l u t i o n  i n  d i f f e r e n t  s o l v e n t s  w ere  o b t a i n e d  i n  
t h e  r e g i o n  2 t o  15 ^  w i t h  a  P e r k in - E lm e r  Model 21 d o u b le  
beam s p e c t r o p h o t o m e t e r .  The s o l v e n t s  u s e d  w ere  c a r b o n
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d i s u l p h i d e ,  c a r b o n  t e t r a c h l o r i d e ,  b e n z e n e ,  c h l o r o f o r m ,
a c e t o n i t r i l e  a n d  n è t r o m e t h a n e . S in c e  t h e r e  a r e  some u n c e r -
1
t a i n t i e s  i n  t h e  r e g i o n  1 3 0 0 -2 5 0 0  cm" i n  t h e  o b s e r v a t i o n s  
made w i t h  t h e  Model 112 s p e c t r o m e t e r  due t o  t h e  p r e s e n c e  o f  
w a t e r  v a p o r ,  t h e  wave num bers  o f  some o f  t h e  b a n d s  l i s t e d  i n  
T a b le  X II  a r e  t a k e n  from  t h e  r e c o r d  o b t a i n e d  w i t h  t h e  d o u b le ­
beam s p e c t r o p h o t o m e t e r .  T h e se  wave num bers  a g r e e  w i t h  t h o s e  
o b t a i n e d  on t h e  Model 112 s p e c t r o m e t e r  t o  w i t h i n  3 cm "^ .
The Raman s p e c t r u m  o f  t h e  sa m p le  c o n t a i n e d  i n  a  
s e a l e d  P y re x  tu b e  a t  room t e m p e r a t u r e  was o b t a i n e d  i n  t h e  
m anner d e s c r i b e d  i n  C h a p te r  I I ,  P o l a r i z a t i o n  m e a s u re m e n ts  
w ere  made by t h e  C r a w fo rd -H o rw i tz  m e t h o d , T h e  Raman 
s p e c t r a l  d a t a  a r e  l i s t e d  i n  T a b le  XIV,
I n t e r p r e t a t i o n  
I t  w i l l  be  a ssu m ed  t h a t  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n s  
o f  t h e  m o le c u le  CF2Br-CHBr2 h av e  t h e  s t a g g e r e d  f o r m s .  When 
t h e  b ro m in e  a n d  h y d ro g e n  a to m s  a r e  i n  t r a n s  p o s i t i o n  a s  shown 
i n  F i g ,  1 6 a ,  t h e  CFgBr-CHBrg m o le c u le  h a s  t h e  sym m etry  C g ,  
a n d  i t s  e i g h t e e n  n o rm a l v i b r a t i o n s  c a n  b e  c l a s s i f i e d  a s  
e l e v e n  o f  s p e c i e s  a '  a n d  s e v e n  o f  s p e c i e s  a " .  I n  t h e  o t h e r  
s t a g g e r e d  c o n f i g u r a t i o n ,  w h ic h  we s h a l l  r e f e r  t o  a s  t h e  
g a u c h e  form  shown i n  F i g ,  1 6 b ,  t h e  m o le c u le  h a s  no  sym m etry  
a t  a l l ,  a n d  t h e  e i g h t e e n  f u n d a m e n ta l s  a r e  a l l  o f  t h e  same 
s p e c i e s .  The l a r g e  num ber o f  s t r o n g  b a n d s  i n  b o t h  t h e  Raman 
a n d  t h e  i n f r a r e d  s p e c t r u m  i n d i c a t e s  t h e  p r e s e n c e  o f  two 
r o t a t i o n a l  i s o m e r s .
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BrBr(Q)
t r a n s
O
X
X .
(b)
g a u c h e
F ig *  1 6 ,  S t a g g e r e d  C o n f i g u r a t i o n s  o f  CF2Br-CHBr2
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A ssum ing  t h e  i n t e r a t o m i c  d i s t a n c e s ,  C -C = l ,5 4 ,
C - F = l ,3 7 ,  C -H = 1 .09 , C -B r= 1 .9 8  a n d  t e t r a h e d r a l  a n g l e s ,
t h e  p r i n c i p a l  moments o f  i n e r t i a  w ere  o b t a i n e d  a s  f o l l o w s :  
8 9 5 .8 ,  9 7 3 .9 ,  a n d  1 4 7 7 .7  x  lG “ ^®gcm^ f o r  t h e  t r a n s  fo rm  a n d  
7 2 3 .1 ,  1 7 1 6 .1 ,  a n d  2 2 1 0 .2  x  10” ^®gcm^ f o r  t h e  g au ch e  fo rm .
From t h e s e  v a l u e s  o f  t h e  moments o f  i n e r t i a ,  t h e  B a d g e r -  
Zumwalt^® p a r a m e t e r s  w ere  c a l c u l a t e d ,  a n d  a p p r o x im a te  v a l u e s  
o f  t h e  PR o r  QQ s e p a r a t i o n s  o f  t h e  b a n d s  w ere  d e t e r m in e d .
F o r  t h e  t r a n s  fo rm  t h e  s e p a r a t i o n s  a r e  a p p r o x i m a te ly  5 cm"^ 
f o r  t y p e s  A a n d  C a n d  1 cm“ ^ f o r  t y p e  B b a n d s .  S in c e  a 
l a r g e  e x t r a p o l a t i o n f t o m t h e  B ad g e r-Z u m w alt  c u r v e s  was r e q u i r e d  
f o r  t h e  g au ch e  form  l i t t l e  i n f o r m a t i o n  c o u l d  be  o b t a i n e d .  
H ow ever, s i n c e  t h e  m o le c u le  i s  a p p r o x i m a te ly  a sy m m e tr ic  t o p ,  
t h e  b a n d  c o n t o u r s  a n d  d o u b l e t  s e p a r a t i o n s  w ere  e s t i m a t e d  from
on
t h e  p a p e r  o f  G e rh a rd  a n d  D e n n is o n .  The b a n d s  a r e  c l a s s i f i e d  
r o u g h l y  a s  p a r a l l e l  a n d  p e r p e n d i c u l a r .  The e s t i m a t e d  PR 
s e p a r a t i o n s  f o r  t h e  fo rm e r  was 6 cm” ^ .  The p e r p e n d i c u l a r  
b a n d s  s h o u ld  be b r o a d .  A l l  t h e  c a l c u l a t e d  s e p a r a t i o n s  a r e  
t o o  s m a l l  t o  be d e f i n i t e l y  r e s o l v e d .  Hence t h e  band  c o n t o u r s  
c o u l d  n o t  be u s e d  f o r  d i f f e r e n t i a t i n g  b e tw e e n  t h e  b an d s  
b e l o n g i n g  t o  t h e  two i s o m e r s .
The i n t e n s e  Raman b a n d s  a t  2979 cm“ ^ a n d  3010 cm"^ 
m u st  s u r e l y  be f u n d a m e n ta l s  a s c r i b e d  t o  C-H s t r e t c h i n g .  The 
c o r r e s p o n d i n g  b a n d s  a p p e a r  i n  t h e  i n f r a r e d  s p e c t ru m  o f  t h e
^ ® L a n d o l t - B o r n s t e in :  Z a h le n w e r te  un d  F u n c t i o n e n ,
S p r i g e r  V e r l a g ,  B e r l i n ,  Germany (1 9 5 1 ) ,  V o l .  I ,  P a r t  I I .
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g a s  a t  3001 a n d  3028 cm“ ^ .  The f a c t  t h a t  t h e r e  a r e  two 
d i s t i n c t  b a n d s  i n  t h i s  r e g i o n  shows t h a t  tw o r o t a t i o n a l  
i s o m e r s  a r e  p r e s e n t  i n  t h e  s a m p le .  S in c e  t h e  b a n d  o f  h i g h e r  
wave num ber, b o t h  i n  t h e  Raman a n d  t h e  i n f r a r e d  s p e c t r u m ,  i s  
much s t r o n g e r  t h a n  t h e  o t h e r  b a n d ,  i t  i s  a s su m ed  t h a t  one 
i s o m e r i c  fo rm  i s  more a b u n d a n t  t h a n  t h e  o t h e r .  Use w i l l  be 
made o f  t h i s  i n  t h e  a s s ig n m e n t  o f  f u n d a m e n t a l s .  The more 
a b u n d a n t  r o t a t i o n a l  i s o m e r  w i l l  be  r e f e r r e d  t o  a s  I  a n d  t h e  
o t h e r  a s  I I .  S in c e  i t  i s  n o t  c l e a r  w h ich  o f  t h e  two i s o m e r s ,
I  o r  I I ,  h a s  t h e  sym m etry  Cg a n d  w h ich  no sym m etry  (C^) t h e  
q u e s t i o n  o f  t h e  sym m etry  s p e c i e s  o f  t h e  a s s i g n e d  f u n d a m e n ta l s  
w i l l  be  d e f e r r e d  u n t i l  a l l  t h e  f u n d a m e n ta l s  h a v e  b e e n  
a s s i g n e d .
I n  t h e  s p e c t r a l  r e g i o n  b e tw e e n  900 a n d  1250 cm~^ t h e r e  
s h o u ld  b e  f i v e  f u n d a m e n ta l s  b e l o n g i n g  t o  e a c h  i s o m e r i c  fo rm . 
The Raman b a n d s  a t  1253 a n d  1002 cm "^, t h e  c o u n t e r p a r t s  o f  
w h ich  a r e  fo u n d  a t  1253 a n d  1009 cm "! i n  t h e  i n f r a r e d  
s p e c t ru m  o f  t h e  g a s ,  a r e  p r o b a b l y  f u n d a m e n ta l s  o f  I  a n d  may
be  a s s o c i a t e d  l a r g e l y  w i t h  CH b e n d in g .  The i n t e n s e  i n f r a r e d
—  1  — 1  t h e .b a n d s  a t  1112 cm a n d  1193 cm i n  t h e  g a s  a n d  weak an d
d i f f u s e  Raman b a n d s  a t  1107 cm” ^ a n d  1192 cm“ ^ a r e  u n d o u b te d ly
f u n d a m e n ta l s  o f  I .  The s p e c t r a l  c h a r a c t e r i s t i c s  i n d i c a t e
t h a t  t h e y  p r o b a b l y  i n v o l v e  C-F s t r e t c h i n g .
In  t h i s  r e g i o n  t h e r e  i s  a weak Raman b a n d  a t  1145 
cm "l a n d  a medium i n t e n s i t y  b a n d  a t  1140 cm” ^ i n  t h e  i n f r a r e d  
s p e c t ru m  o f  t h e  g a s .  T h e se  a r e  a s s i g n e d  a s  a fu n d a m e n ta l  o f
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I I ,  a l t h o u g h  t h e y - c o u l d  a l s o  be  i n t e r p r e t e d  a s  a b i n a r y  
c o m b in a t io n  o f  f u n d a m e n ta l s  a s c r i b e d  t o  I .  O th e r  e v id e n c e  
f o r  t h i s  c h o i c e  i s  d i s c u s s e d  l a t e r .
The s t r o n g  i n f r a r e d  b a n d  a t  947 cm” ^ a n d  t h e  v e r y  
s t r o n g  Raman b a n d  a t  944 cm” ^ u n d o u b te d ly  r e p r e s e n t  a f u n d a ­
m e n ta l  o f  I  l a r g e l y  d u ^  p r o b a b l y , t o  C-C s t r e t c h i n g .
I n  t h e  r e g i o n  from  500 cm""^ t o  800 cmT^ t h e r e  s h o u ld  
a g a i n  be  f i v e  f u n d a m e n ta l s  o f  e a c h  r o t a t i o n a l  i s o m e r .  The 
t h r e e  i n t e n s e  Raman b a n d s  a t  6 4 3 ,  703 a n d  775 cm"^ a lm o s t  
c e r t a i n l y  r e p r e s e n t  t h r e e  f u n d a m e n ta l s  o f  I .  They a p p e a r  a s  
s t r o n g  b a n d s  a t  6 4 8 ,  708 a n d  780 cm"^ i n  t h e  i n f r a r e d  s p e c t ru m  
o f  t h e  g a s  a n d  a t  6 4 4 ,  7 0 6 ,  a n d  778 cm” ^ i n  t h e  i n f r a r e d  
s p e c t r u m  o f  t h e  s o l i d .  The m o t io n s  a r e  p r o b a b l y  l a r g e l y  C-Br 
s t r e t c h i n g .  T h e re  i s  a weak Raman b a n d  a t  757 cm“ ^ ; t h e  
c o r r e s p o n d i n g  b a n d  o c c u r r i n g  a t  744 cmT^ i n  t h e  i n f r a r e d  
s p e c t ru m  o f  t h e  g a s  i s  s t r o n g .  In  t h e  i n f r a r e d  s p e c t r u m  o f  
l i q u i d  a n d  s o l i d  i t  a p p e a r s  a s  a s t r o n g  b a n d  n e a r  755 cm” ^ .  
T h e se  b a n d s  may be  a f u n d a m e n ta l  b e l o n g i n g  t o  t h e  l e s s  
a b u n d a n t  i s o m e r  I I  o r  a  c o m b in a t io n  b a n d  o f  I  w hose i n t e n s i t y  
i s  e n h a n c e d  by F erm i r e s o n a n c e  w i t h  t h e  fu n d a m e n ta l  a t  775 
cm“ ^ .  F o u r  b a n d s  a r e  o b s e r v e d  a t  5 2 6 ,  5 6 4 ,  574 a n d  593 cm“ ^ 
i n  t h e  Raman s p e c t r u m ,  o f  w h ic h  t h e  f i r s t  a n d  l a s t  a r e  v e r y  
s h a r p ,  th o u g h  n o t  v e r y  i n t e n s e .  Theye a r e  a s s i g n e d  a s  
f u n d a m e n ta l s  o f  I .  The i n f r a r e d  b a n d s  c o r r e s p o n d i n g  t o  thenre 
a r e  a t  524 a n d  594 cm"^ i n  t h e  g a s  a n d  n e a r  523 a n d  595 cm“ ^ 
i n  t h e  l i q u i d  a n d  s o l i d .  In  a l l  t h e  t h r e e  i n f r a r e d  s p e c t r a  
t h e r e  i s  a s t r o n g  b a n d  a t  564 cm” ^ a n d  a  b a n d  o f  medium
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i n t e n s i t y  n e a r  594 cm” ^ o f  w h ich  t h e  b a n d  n e a r  564 cm” ^ i s  
more i n t e n s e .  I t  i s  p o s s i b l e  t h a t  t h e  l a t t e r  i s  a n  o v e r to n e  
o f  t h e  f u n d a m e n ta l  a t  284  cm~ a n d  t h e  o t h e r  a  c o m b in a t io n  
b a n d ;  o r  t h e  b a n d  a t  564 cm"^ i s  a f u n d a m e n ta l  b e l o n g i n g  t o  
I I  a n d  t h e  one a t  574 cm” ^ i s  t h e  o v e r t o n e  o f  t h e  f u n d a m e n ta l  
a t  284  c m " l .
The b a n d s  i n  t h e  r e g i o n  b e lo w  400 cm~^ do n o t  p r e s e n t  
a n y  s e r i o u s  p r o b le m .  However t h e  p r e s e n c e  o f  more t h a n  s e v e n  
s t r o n g  b a n d s  i n  t h i s  r e g i o n  i n d i c a t e s  a g a i n  t h e  p r e s e n c e  o f  
two r o t a t i o n a l  i s o m e r s  i n  t h e  s a m p le .  Two i n t e n s e  b a n d s  a r e  
o b s e r v e d  a t  365 a n d  333 cm“ ^ i n  t h e  Raman s p e c t r u m .  I n  t h e  
i n f r a r e d  s p e c t r u m  o f  t h e  s o l i d  t h e r e  i s  a  weak b a n d  a t  365 
cm“ ^ .  T h i s  b an d  a n d  t h e  Raman b a n d  a t  333 cm” ^ a r e  w i t h o u t  
d o u b t  f u n d a m e n ta l s  o f  I ,  a n d  a r e  p r o b a b l y  a s s o c i a t e d  l a r g e l y  
w i t h  CFgBr d e f o r m a t i o n .  A l l  t h e  o t h e r  b a n d s  o f  wave number 
b e lo w  34 0  a r e  o b s e r v e d  o n ly  i n  t h e  Raman s p e c t r u m .  The v e r y  
s t r o n g  Raman b a n d s  a t  284  a n d  204  cm“ ^ a r e  u n d o u b te d ly  
f u n d a m e n ta l s  o f  I ,  t h e  m o t io n s  may be  c h a r a c t e r i z e d  a s  
r o c k i n g .  The s t r o n g  b a n d  a t  156 cm"^ i n  t h e  Raman s p e c t ru m  
a n d  t h e  r a t h e r  weak b a n d  a t  113 cm"^ a r e  a s s i g n e d  a s  t h e  
o t h e r  f u n d a m e n ta l s  l a r g e l y  i n v o l v i n g  r o c k i n g .  T h e re  i s  
no d o u b t  t h a t  t h e  Raman b an d  a t  65 cm“ ^ i s  a f u n d a m e n ta l  
a s s o c i a t e d  l a r g e l y  w i t h  t o r s i o n a l  m o t io n .  The o t h e r  two 
Raman b a n d s  a t  194 a n d  169 cm” ^ a r e  f a r  t o o  i n t e n s e  t o  be 
i n t e r p r e t e d  a s  c o m b in a t io n  b a n d s .  They a r e  p r o b a b l y  f u n d a ­
m e n t a l s  o f  I I .  The a s s i g n e d  f u n d a m e n ta l s  o f  i s o m e r  I  a r e
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l i s t e d  i n  T a b le  XV.
I n  T a b le  XVI a r e  l i s t e d  t h e  f u n d a m e n ta l s  o f  t h e  two 
r o t a t i o n a l  i s o m e r s .  O nly  t h o s e  f u n d a m e n ta l s  w h ic h  a r e  
d i f f e r e n t  f o r  t h e  two i s o m e r s  a r e  g i v e n  i n  t h e  t h i r d  a n d  
f o u r t h  c o lu m n s .  A l l  t h e  o b s e r v e d  b a n d s  i n  t h e  Raman an d  
i n f r a r e d  s p e c t r a  n o t  i n t e r p r e t e d  a s  f u n d a m e n ta l s  c a n  be 
e x p l a i n e d  a s  b i n a r y  c o m b in a t io n s  o f  t h e  a s s i g n e d  f u n d a m e n ta l s  
o f  t h e  m ore a b u n d a n t  r o t a t i o n a l  i s o m e r .  Two o r  t h r e e  weak 
i n f r a r e d  b a n d s  o b s e r v e d  may b e  t e r n a r y  c o m b in a t io n s  o r  b i n a r y  
c o m b in a t io n s  o f  t h e  l e s s  a b u n d a n t  i s o m e r  I I .
D i s c u s s i o n
The t o t a l  num ber o f  s t r o n g  b a n d s  o b s e r v e d  i s  s i x  more 
t h a n  t h e  f u n d a m e n ta l s  o f  a s i n g l e  r o t a t i o n a l  i s o m e r .  I t  i s  
r e a s o n a b l e  t o  assum e t h a t  s e v e r a l  o f  t h e  f u n d a m e n ta l s  w i l l  be 
common t o  t h e  tw o i s o m e r s .  Hence i t  i s  d i f f i c u l t  t o  d e t e r ­
m ine t h e  s p e c i e s  o f  t h e  f u n d a m e n t a l s .  S in c e  some o f  t h e  b a n d s  
a p p e a r  p o l a r i z e d  a n d  some do n o t  t h e  s p e c i e s  c a n  i n  c e r t a i n  
c a s e s  be  s p e c i f i e d ,  From t h e  Raman s p e c t r a l  d a t a  t h e  fu n d a ­
m e n t a l s  o f  wave num ber 113 a n d  333 seem  t o  be  a "  a n d  p r o b a b ly  
t h e  f u n d a m e n ta l  ( i . e .  t h e  p a r t  c o n t r i b u t e d  by  t h e  t r a n s  fo rm ) 
o f  l o w e s t  f r e q u e n c y  65 cm“ ^ i s  a l s o  a " .  Of t h e  tw o f u n d a ­
m e n t a l s  o f  wave num ber 204  a n d  284  one s h o u l d  be a " .  I t  i s  
p r o b a b l y  t h e  b a n d  a t  284  cmT^. The b a n d  a t  708 cm“ ^ a p p e a r s  
t o  b e  a n  a "  f u n d a m e n ta l ;  th o u g h  i t  i s  d i f f i c u l t  t o  d e te r m in e  
t h e  d e p o l a r i z a t i o n  r a t i o s  o f  t h e  weak b a n d s  a t  1002 a n d  1107 
cm“ ^ ,  i t  i s  l i k e l y  t h a t  t h e s e  b a n d s  a r e  t h e  o t h e r  tw o a ’*
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f u n d a m e n t a l s .  S in c e  m ost o f  t h e  b a n d s  c o i n c i d e  i t  i s  d i f f i ­
c u l t  t o  s a y  w h ic h  o f  t h e  two fo rm s  t r a n s  o r  g a u c h e  i s  more 
a b u n d a n t .  From t h e  i n t e n s i t y  o f  t h e  a "  b a n d s  i t  a p p e a r s  t h e  
t r a n s  fo rm  i s  more a b u n d a n t .
I n  o r d e r  t o  f i n d  t h e  e f f e c t s  o f  s t e r i c  r e p u l s i o n s  i f  
an y  i n  t h e  t r a n s  fo rm , w h ic h  m ig h t  r u l e  o u t  t h e  p o s s i b i l i t y  
o f  t h i s  fo rm  b e i n g  m ore s t a b l e ,  t h e  d i s t a n c e  b e tw e e n  t h e  
b ro m in e  a tom  i n  one e n d  g ro u p  a n d  one o f  t h e  b ro m in e  a to m s 
i n  t h e  o t h e r  e n d  g ro u p  i s  c a l c u l a t e d ,  a s su m in g  t h e  s t r u c t u r a l  
p a r a m e t e r s  a s  m e n t io n e d  e a r l i e r  i n  t h e  c h a p t e r .  I t  i s  fo u n d  
t o  be  s l i g h t l y  l e s s  t h a t  t h e  sum o f  t h e  Van d e r  W aals  r a d i i  
f o r  two b ro m in e  a to m s .  The same d i s t a n c e  i s  c a l c u l a t e d  w i t h  
t h e  b ro m in e  a tom  r e p l a c e d  by one o f  t h e  f l u o r i n e  a to m s o f  
t h e  same e n d  g r o u p ,  a s  i n  t h e  g a u c h e  form  (a s s u m in g  t h a t  t h e  
e n d  g ro u p  i s  r o t a t e d  th r o u g h  e x a c t l y  12Q 0).  T h i s  d i s t a n c e  
a l s o  i s  f o u n d  t o  b e  s l i g h t l y  l e s s  t h a n  t h e  c o r r e s p o n d i n g  Van 
d e r  W aals  r a d i i  f o r  b ro m in e  a n d  f l u o r i n e .  Hence t h e  two fo rm s  
a r e  e q u a l l y  p r o b a b l e .  However from  e l e c t r o s t a t i c  c o n s i d e r a ­
t i o n s  i t  a p p e a r s  t h e  t r a n s  form  i s  l e s s  e n e r g e t i c .  N e v e r th e ­
l e s s ,  f u r t h e r  c o n f i r m a t i o n ,  by o t h e r  m e a su re m e n ts  s u c h  a s  
e l e c t r o n  d i f f r a c t i o n  aide an  a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  
d i p o l e  m om ents, i s  n e e d e d  t o  e s t a b l i s h  t h i s  f a c t  d e f i n i t e l y .
An a t t e m p t  h a s  b e e n  made t o  d i f f e r e n t i a t e  b e tw e e n  t h e  
f u n d a m e n ta l s  o f  t h e  two i s o m e r s  on t h e  b a s i s  o f  t e m p e r a t u r e  
v a r i a t i o n  o f  t h e  b a n d  i n t e n s i t i e s  a n d  from  t h e  i n f r a r e d  
s p e c t ru m  i n  t h e  s o l i d  s t a t e .  I n  t h e  l a t t e r  a l l  t h e  b a n d s
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p r e s e n t  i n  l i q u i d  an d  g a s  a p p e a r e d .  T h i s  may e i t h e r  be due 
t o  t h e  s u b s t a n c e  n o t  b e i n g  i n  t h e  c r y s t a l l i n e  s t a t e  o r  t o  
t h e  p r e s e n c e  o f  b o t h  r o t a t i o n a l  i s o m e r s  i n  t h e  s o l i d  c r y s t a l ­
l i n e  s t a t e .  The f a c t  t h a t  t h e  f r e q u e n c i e s  i n  t h e  s o l i d  s t a t e  
d i f f e r  v e r y  l i t t l e  from  t h o s e  i n  t h e  l i q u i d  ( e x c e p t  f o r  t h e  
C-H s t r e t c h i n g  v i b r a t i o n s )  i n d i c a t e s  t h a t  t h e  s o l i d  fo rm ed  
may b e  a g l a s s  r a t h e r  t h a n  a c r y s t a l l i n e  a g g r e g a t e .
F o r  t h e  s t u d y  o f  t e m p e r a t u r e  v a r i a t i o n s  o f  t h e  i n t e n ­
s i t i e s ,  v e r y  few  b a n d s  o c c u r  i n  a d v a n ta g e o u s  p o s i t i o n s  i n  t h e  
i n f r a r e d  s p e c t r u m .  The i n t e n s i t i e s  o f  t h e  b a n d s  n e a r  1140 cm” ^ 
w ere  o b s e r v e d  a t  d i f f e r e n t  t e m p e r a t u r e s .  Though t h e r e  i s  no 
g r e a t  c h a n g e  i n  t h e  r a t i o  o f  t h e  i n t e n s i t i e s  o f  t h e  b a n d s  n e a r  
1140 a n d  1107 cm” ^ t h e r e  seem s t o  b e  a  s l i g h t  c h a n g e  i n d i c a t i n g  
t h e  tw o a r e  due t o  d i f f e r e n t  i s o m e r s .  The b a n d s  o c c u r r i n g  a t  
3028 an d  3001 cm“ ^ i n  t h e  i n f r a r e d  s p e c t r u m  o f  t h e  g a s  a r e  
b e t t e r  f o r  t h i s  s t u d y  b e c a u s e  t h e y  a r e  w e l l  s e p a r a t e d .  The 
r a t i o  b e tw e e n  t h e i r  i n t e n s i t i e s  a t  d i f f e r e n t  t e m p e r a t u r e s  i s  
d e te r m in e d  a n d  a  c u r v e ,  F i g .  2 3 ,  i s  draw n sh o w in g  t h e  r e l a t i o n  
b e tw e e n  l n ( I g / I ^ )  an d  1 /T ;  w here  T i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  
an d  I g  a r e  t h e  i n t e g r a t e d  i n t e n s i t i e s  o f  t h e  b a n d s  b e l o n g ­
in g  t o  t h e  two i s o m e r s  I  and  I I  ( o r  t r a n s  an d  g au ch e  i s o m e r s  
a s  d e f i n e d  p r e v i o u s l y ) .  The s l o p e  o f  t h e  c u r v e  g i v e s  ^ H ° /R  
w here  R i s  t h e  g a s  c o n s t a n t  a n d i s  t h e  d i f f e r e n c e  b e tw e e n  
t h e  t o t a l  h e a t  f u n c t i o n s  f o r  one m ole  o f  t h e  tw o i s o m e r s ,  a t  
0°K, f o r  t h e  i d e a l  g a s e o u s  s t a t e .  I f  t h e  b a n d s  a r e  a lm o s t  o f  
t h e  same w i d t h ,  t h e  i n t e g r a t e d  i n t e n s i t i e s  c a n  be  t a k e n  a s
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p r o p o r t i o n a l  t o  t h e  p e a k  i n t e n s i t i e s .  S in c e  t h a t  i s  a p p r o x i ­
m a t e l y  t h e  c a s e ,  t h e  r a t i o s  o f  t h e  p e a k  i n t e n s i t i e s  w ere  
u s e d ,  A v a l u e  o f  500 i t  150 c a l / m o l e  was o b t a i n e d .
F o r  t h e  l i q u i d  t h e  o b s e r v e d  i n t e n s i t y  d i f f e r e n c e  was 
v e r y  s m a l l  f o r  s m a l l  c h a n g e s  o f  t e m p e r a t u r e ;  s o  a s i m i l a r  
c u r v e  c o u l d  n o t  be  d ra w n . H ow ever, a n  e s t i m a t e  o f  AH i s  made 
f ro m  t h e  v a l u e  o f  t h e  i n t e n s i t i e s  a t  room t e m p e r a t u r e  a n d  
1200C, I t  g a v e  t h e  v a l u e  o f  a b o u t  200  c a l / m o l e .
The ab o v e  r e s u l t s  show t h a t  t h e  d i f f e r e n c e  i n  t o t a l  
h e a t  f u n c t i o n s  f o r  t h e  tw o fo rm s  o f  t h e  m o le c u le  i s  v e r y  
s m a l l .  T h i s  c a n  p r o b a b l y  b e  a c c o u n t e d  f o r  by  t h e  f a c t  t h a t  
t h e  d i f f e r e n c e  b e tw e e n  t h e  d i p o l e  m om ents o f  t h e  tw o i s o m e r s ,  
c a l c u l a t e d  by t a k i n g  t h e  v e c t o r  c o m p o n e n ts  o f  t h e  bon d  d i p o l e  
m om ents^?  i s  v e r y  s m a l l .  The c a l c u l a t e d  v a l u e s  a r e  0 , 8  a n d  
1 ,2  d e b y e s  f o r  t h e  t r a n s  a n d  g a u c h e  fo rm s  r e s p e c t i v e l y .  I t  
c a n  a l s o  be  s e e n  from  t h e  p o s i t i o n s  o f  t h e  a to m s  i n  t h e  e n d  
g r o u p s .  The e n d  g r o u p  w i t h  tw o f l u o r i n e  a to m s  a n d  a b ro m in e  
a tom  i s  a l m o s t  c y l i n d r i c a l l y  s y m m e t r i c a l  w i t h  t h e  sym m etry  
a x i s  c o i n c i d i n g  w i t h  t h e  C-C b o n d ,  f o r  t h e r e  i s  v e r y  l i t t l e  
d i f f e r e n c e  i n  t h e  b o n d  d i p o l e  m om ents o f  C-F a n d  C -B r ,  Hence 
i t  i s  p r o b a b l e  t h a t  t h e  t r a n s  fo rm  i s  t h e  m ore s t a b l e  o f  t h e  
tw o .
I t  h a s  b e e n  o b s e r v e d  by e a r l i e r  w o r k e r s ^ !  t h a t  i n  
s o l u t i o n  t h e  i n t e n s i t i e s  o f  t h e  i n f r a r e d  b a n d s  b e l o n g i n g  t o
4?C , P ,  Sm yth , D i e l e c t r i c  B e h a v io r  a n d  S t r u c t u r e  
( I n t e r n a t i o n a l  C h e m ic a l  S e r i e s ,  McGraw H i l l  Book Co, I n c , ,  
1 9 5 5 ) ,
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t h e  i s o m e r  w i t h  l a r g e r  d i p o l e  moment i n c r e a s e d  c o n s i d e r a b l y  
m ore t h a n  t h e  i n t e n s i t i e s  o f  t h e  b a n d s  b e l o n g i n g  t o  t h e  
i s o m e r  w i t h  s m a l l e r  d i p o l e  m om ent. T h e r e f o r e  t h e  r a t i o  o f  
t h e  i n t e n s i t i e s  o f  t h e  b a n d s  b e l o n g i n g  t o  t h e  two i s o m e r s  
i n c r e a s e s  a s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t  i s  
i n c r e a s e d .  I n  o r d e r  t o  s t u d y  t h e  i n t e n s i t i e s  o f  t h e  i n f r a r e d  
b a n d s  i n  s o l u t i o n  i n  t h e  p r e s e n t  c a s e  t h e  p a i r s  o f  b a n d s  i n  
t h e  r e g i o n s  1100 a n d  750 cm” ^ w ere  c h o s e n .  A l th o u g h  t h e r e  i s  
no s t r i k i n g  d i f f e r e n c e  i n  t h e  i n t e n s i t i e s  o f  t h e  b a n d s  i n  t h e  
d i f f e r e n t  s o l u t i o n s  t h e r e  a p p e a r s  t o  be  some c h a n g e  i n d i c a t i n g  
t h e  b a n d s  a r e  due t o  d i f f e r e n t  i s o m e r s .  The r a t i o  o f  t h e  
i n t e n s i t i e s  o f  t h e  b a n d s  due t o  t h e  d i f f e r e n t  i s o m e r s  c h a n g e d  
by a b o u t  25 p e r  c e n t  from  CCI4  ( d i e l e c t r i c  c o n s t a n t  2 . 2 4 )  t o  
a c e t o n i t r i l e  ( d i e l e c t r i c  c o n s t a n t  3 8 . 8 )  f o r  t h e  b a n d s  i n  t h e  
1100  cm "! r e g i o n ,  w h ic h  i s  t h e  m o s t  f a v o r a b l e  f o r  t h i s  s t u d y .
The p o t e n t i a l  b a r r i e r  o p p o s in g  i n t e r n a l  r o t a t i o n  c a n  
be  e s t i m a t e d  v e r y  r o u g h ly  from  t h e  fo rm ula^®
=(o-^ /2  ) ( V q / I j . ) ^  w h e re  o -i  i s  t h e  i n t e r n a l  sym m etry  num ber,
Vq t h e  maximum h e i g h t  o f  p o t e n t i a l  b a r r i e r ,  I 3, r e d u c e d  
moment o f  i n e r t i a  â n d  0  t h e  f r e q u e n c y  o f  t o r s i o n a l  o s c i l l a ­
t i o n .  A v a l u e  o f  14400 c a 1 /m o l  w as o b t a i n e d .
G l a s s t o n e ,  T h e o r e t i c a l  C h e m is t ry  (D. Van 
N o s t r u n d  Co. I n c . ,  New Y o rk , N. Y . , 1 9 4 4 ) .
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TABLE XI
INFRARED SPECTRAL DATA FOR GASEOUS CF2Br-CHBr2
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
524 s a ’ f u n d a m e n ta l
533 v w 204  f  333 = 537
565 m 2 X 284 = 568
580 w 204  i  3 6 5  = 569
594 w 65 + 524 = 589
620 vvw 28 4  i  333 = 617
646 ) v s
(1 a ’ f u n d a m e n ta l  (648 )
649 jj v s
662 vw 2 X 333 = 666
706 v s
a "  f u n d a m e n ta l  (7 0 8 )
711 v s
729 m 204 + 525 = 729 
2 X  365 = 730
7 4 2 ? s
a '  f u n d a m e n ta l  (7 4 4 )  I I
7463 s
762 s 113 1 648 = 761 
o r  fu n d a m e n ta l  I I
7 7 8 ) s
a* f u n d a m e n ta l  (780)
781J s
796 vvvw 204 + 594 = 798
839 m 65 t  780 = 845
895 vw 113 i  7 8 0  = 893
947 s a ’ fu n d a m e n ta l
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TABLE XI— Continued
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
1009 s a "  fu n d a m e n ta l
1028 w " f u n d a m e n ta l  11
1034 vvw 333 4  708 = 1041
1049 vvvw 2 X 524 = 1048
1053 vvvw 113 -1 947 = 1060
1065 vvvw 65 f  1009 = 1074 
284 f  780 = 1064
1112 v s a ' f u n d a m e n ta l
1140 s a ’ f u n d a m e n ta l  11
1170 vw 524 + 648 = 1172 
65 f  1112 = 1177
1193 s a ’ fu n d a m e n ta l
1253 s a ’ fu n d a m e n ta l
1305 vvvw 524 4 780 = 1304 
113 f  1193 = 1306
2146 vw 947 f  1193 = 2140
2219 vw 2 X  1112 = 2224
2279 vvvw 2 X  1140 = 2280
2312 vvvw 1112 4 1193 » 2305
2511 vvw 2 X  1253 = 2506
3001 w fu n d a m e n ta l  11
3028 m a * f u n d a m e n ta l
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TABLE XII
INFRARED SPECTRAL DATA FOR LIQUID CFgBr-CHBrg
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
394 vvw 65 -f 333 = 398
408 vvw 2 X  204  = 408
483 vw 2 0 4  i  284  = 488 
157 f  333 = 490
523 m a '  f u n d a m e n ta l
539 vvw 204  4 333 = 537
562 w 2 X  284 = 568
572 vw 204  f  365 = 569
595 vw fu n d a m e n ta l  ^
614 vvw 284 + 333 = 617
643 s a * fu n d a m e n ta l
703 s a ” fu n d a m e n ta l
720 w 204 4 523 = 723
738 s 2 X  365 = 730
756 s 113 4 643 = 756 o r  
fu n d a m e n ta l  I I
776 s a ’ fu n d a m e n ta l
834 vw 65 t  776 = 841
894 vvw 113 4 776 = 889
946 s a ’ fu n d a m e n ta l
1000 s a "  f u n d a m e n ta l
1025 w fu n d a m e n ta l  I I
1033 vw 333 4 703 = 1036
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TABLE X II— C ontinued
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
1047 vw 2  X 523 = 1046
1106 v s a " fu n d a m e n ta l
1137 s 365 ■f 776 = 1141
1186 v s a* f u n d a m e n ta l
1242 s 595 •f 643 = 1238
1253 s a ' :f u n d a m e n ta l
1330» w 333 + 1000 = 1333
1351* w 113
365
f  1253 = 1366 
+ 1000 = 1365
1377» w 284 f  1106 = 1390
1404» w 157 t  1253 = 1410
1439» vvw 333 + 1106 = 1439
1463» vw 523 + 946 = 1469
1500» vw 333 f  1186 -  1519
1540» vvw 595
365
+ 946 = 1541 
+ 1186 »  1551
1580» vw 333
643
+ 1253 = 1586 
t  946 = 1589
1 629a vw 523 ■f 1106 = 1629
1642» vw 643
703
+ 1000 = 1643 
4 946 = 1649
1692» w 595 + 1106 = 1701
1710» vw 523 + 1186 = 1709
1810» vw 703 4 1106 = 1809
1860» vw 595 4 1253 = 1848
1890 vvw ' 2 X 946 = 1892
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TABLE X II— C ontinued
Wave
num ber D e s c r i p t i o n I n t e r p r e t a t i o n
1938» vw 946 4 1000  = 1946
2016» vw 776 t  1253 = 2029
2046 vvw 946 4 1106 = 2052
2092» w 1000  f  1106 = 2106
2160 w
2196 w 946 4 1253 = 2199
2232» vw 1000 + 1253 = 2253
2279 w
2 3 0 9 ^ VW ' 1186 4 1253 = 2439
et
2450 vw^ 1186 4 1253 = 2439
2506 vw 2 X  1253 = 2506
2980 s f u n d a m e n ta l  I I
3008 v s a '  f u n d a m e n ta l
a D a ta  t a k e n  by  t h e  P e r k in - E lm e r  21 s p e c t r o p h o t o m e t e r .
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TABLE X III
INFRABED SPECTRAL DATA FOR SOLID CF2Br-CHBr2
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
342 vvw 2 X 169 = 338
346 vvw 65 f  284  = 349
351 vvw 157 i  204  = 361
365 w a ' f u n d a m e n ta l
387 vw
391 vw 113 f  284  = 397
398 vw 65 f  333 = 398
418 vvw 2 X 204 = 408
425 vvw
429 vvw 65 f  365 = 430
440 vw 157 4 284 = 4 4 1
455 vvw 113 + 365 = 478
500 vvw 157 4 365 = 522
525 s a ’ fu n d a m e n ta l
565 s 2 X  284 = 568 o r  
f u n d a m e n ta l  I I
572 m 204 f  365 = 569
592 m 65 t  525 = 590
626 vvw 113 i  524 = 637
644 v s a ’ f u n d a m e n ta l
706 v s a "  fu n d a m e n ta l
738 s 2 X  365 = 730
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TABLE X III— Continued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
755 s 113 f  644 = 757 o r  
f u n d a m e n ta l  I I
778 s a ’ fu n d a m e n ta l
897 vvw 113 i  778 = 891 
204 f  706 = 910
931 w 284 i  644 = 928 
157 4 778 = 935
946 vs a ' f u n d a m e n ta l
974 vvw 333 i  644 = 977
1001 s a "  fu n d a m e n ta l
1021 m f u n d a m e n ta l  I I
1033 w 333 4 706 = 1039
1051 vw 113 4 946 = 1059 
2 X 525 = 1050
1061 vw 65 4 1001 = 1066
1101 s 157 4 946 = 1103
1106 s a "  fu n d a m e n ta l
1141 s 365 4 778 = 1143 o r  
fu n d a m e n ta l  I I
1189 s a ’ fu n d a m e n ta l
1243 m 65 4 1189 = 1250
1252 m a '  f u n d a m e n ta l
1279 vvw 2 X  646 = 1292
1316 vw 65 4 1252 = 1317
1330 vw 157 4 1189 = 134e
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TABLE X III— C ontinued
Wave
number D e s c r i p t i o n I n t e r p r e t a t i o n
1382 vw 284 i  1106 = 1390 
204 4 1189 = 1393
2044 vvvw 946 + 1106 = 2052
2130 vvvw 946 4 1189 = 2135
2191 vvvw 946 4 1252 = 2198
2277 vvw 1112 4 1189 = 2301
2485 vvw 2 X 1252 = 2504
2966 w f u n d a m e n ta l  I I
2996 w a ’ f u n d a m e n ta l  I
3221 vw 204  4 2996 = 3200
3355 vvw ^ 365 4 2996 = 3361
4112 vw 1112 4 2996 = 4108
4225 vw 1252 4 2996 = 4228
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TABLE XIV
RAMAN SPECTRAL DATA FOR LIQUID CFgBr-CHBrg
Wave
number
D e s c r i p ­
t i o n
D e p o l a r i z a ­
t i o n  r a t i o
E x c i t in g ®  
Hg l i n e s
I n t e r p r e t a t i o n
ca  65 s  d dep d , f  eh a "  f u n d a m e n ta l
113 md 0 .9 d^± e a "  f u n d a m e n ta l
156 s  s h 0 .6 ±  e d a ' f u n d a m e n ta l
169 s  s h a.e ±  e f u n d a m e n ta l  I I
194 s  s h 0 .6 +  e fu n d a m e n ta l  I I
204 v v s  s h 0 .6 e , i a ’ f u n d a m e n ta l
284 s  d 0 .9 e , i , k a "  fu n d a m e n ta l
310 vw s h + e 2 X  156 = 312
333 v s 0 .9 a ” f u n d a m e n ta l
365 s  sh +  e a ' f u n d a m e n ta l
395 vw 0 .4 t  e 2 X  204 = 408
526 m s h 0 .4 + e a* f u n d a m e n ta l
564 vw 0 .8 +  e 2 X  284 = 568 
o r  fu n d a m e n ta l  I I
574 vvw + e 204 t 365 = 569
593 m s h 0 .8 +  e , i a ’ f u n d a m e n ta l
643 s  d 0 .6 f  e , k , i a * f u n d a m e n ta l
655 vvw 4 e 2 X  333 = 666
703 md 1 .0 t  e , k , i a " f u n d a m e n ta l
739 vw + e , k 2 X  365 = 730
757 vw + e , k 113 + 643 = 756
775 v s 0 .7 •f e , k , i a * f u n d a m e n ta l
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TABLE XIV— Continued
Wave
num ber
D e s c r i p ­
t i o n
D e p o l a r i z a ­
t i o n  r a t i o
E x c i t i n g ^  
Hg l i n e s
I n t e r p r e t a t i o n
846 vvw d 0 .7 e 204  t  643 = 847
894 vvw d e 204  t  703 = 907
944 v s d 0 .7 e , f a '  f u n d a m e n ta l
1002 vw 1 .0 e a "  fu n d a m e n ta l
1107 vvw 1 .0 e a "  f u n d a m e n ta l
1145 w d 1 .0 e f u n d a m e n ta l  I I  o r  
204  t  944 = 1148
1192 vw e f u n d a m e n ta l  I I
1253 m d e a ’ f u n d a m e n ta l
1345 vvw e 204  4 1145 = 1349 
157 + 1192 = 1349
1476 vvw e 284  4 1192 = 1476 
703 4 775 = 1478
1508 vvw e 365 4 1145 = 1510
1557 vvw e 2 X 775 = 1550
1584 vvw e 333 4 1253 = 1586
1719 vvw e 775 4 944 = 1719
1873 vvw e 775 4 1107 = 1882 
2 X 944 = 1888
2449 vvw e 1193 4 1253 = 2446
2979 m 0 .7 e , k , i f u n d a m e n ta l  I I
3010 s 0 .6 e , k , i a* fu n d a m e n ta l
^ R e f e r  t o  T a b le  I I I ,
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TABLE XV
VIBRATIONAL FUNDAMENTALS FOR CFgCr-CHBrg ( in  cm"^)
S p e c i e s Gas
I n f r a r e d
L i q u i d S o l i d
Raman
( L i q u i d )
A p p ro x .
m o t io n
a ” ca  65 s T o r s io n
a ” 113 m R o ck in g
a ' 157 s R o ck in g
a ’ 204 v v s R o ck in g
a ” 284 s R o ck in g
a " 333 v s CF2Br d e f .
a * 365 w 365 s CF2 Br d e f .
a ' 524 s 523 m 525 s 525 m CF2Br d e f .
a ’ 594 w 595 vw 592 m 593 m CHBr2 d e f .
a ' 648 v s 643 s 644 v s 641 s CBr s t r e t .
a'* 708 v s 703 s 706 v s 703 m CBr s t r e t .
a* 780 s 776 s 778 s 775 v s CBr s t r e t .
a ' 947 s 946 s 946 v s 944 v s C-C s t r e t .
a " 1009 s 1000 s 1001 s 1002 vw CH b e n d in g
a ” 1112 v s 1106 v s 1106 s 1107 vvw OF s t r e t .
a ’ 1193 s 1186 v s 1189 s 1192 vw OF s t r e t .
a ’ 1253 s 1253 s 1252 m 1253 m CH b e n d in g
a * 3028 m 3008 v s 2996 w 3010 s CH s t r e t .
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TABLE XVI
VIBRATIONAL FUNDAMENTALS FOR THE TWO FORMS OF CF^Br-CHBrg
Raman
( l i q u i d )
I
I n f r a r e d
( g a s )
Raman
( l i q u i d )
I I
I n f r a r e d
( g a s )
65 s
113 m
157 s 169 s  s h
204 v v s 194 s  s h
284 s
333 v s
365 s
525 m 524 s 564 vw 565 m
593 m 594 w 574 vvw 580 w
641 s 648 vs
703 m 708 vs
775 v s 780 s
944 v s 947 s
1002 vw 1009 s 1028 w
1107 vvw 1112 vs 1145 w d 1140 m
1192 vw 1193 s
1253 m 1253 s
3010 s 3028 m 2979 m 3001 w
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